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I. GENERAL INTRODUCTION

The shortage of edible fats and oils in Canada following
the outbreak of war became critical during the latter part of
1942 and early 1943. Since linseed oil is the only vegetable
oll produced in appreeciable quantities in Canada, this study
was projected to investigate the possibility of utilizing it
in the manufacture of an edible shortening. Complete hydro-
genation to a stearin would allow the use of small proportions
in blending with low-meltlng fats, but could provide only for
the use of very limited amounts. Attempts to use a partially
hydrogenated linseed oll (having suitable physical properties
for a shorteﬁing) showed that there was a serious problem in-
volved, for products baked with this shortening had an un-
pleasant flavour and odour.

In the study of this problem it was sought first to
learn, as soon as posslible, whether through a modification of
the techniques at present used in the industry, it might be
posslble to produce a more acceptablekshortening. Thus
modifications in the customary processing steps were investle
gated. Following this, certain more fundamental aspects of
the flavour revergion problem and certain special treatments
of the o0ll were studied. The immedlate problem has been
that of producingjén edible product, and to some extent the
urgency of thls side of the 1nvé§tigation’has restricted the
opportunities for more fundamental studies.



II. HISTORICAL INTRODUCTION

A. HYDROGENATION

l. General

It was long ago realized that the supply of naturally
hard fats was lnadequate to supply the needs for making soap,
etc., and for edible purposes. The use of the much more
abundant and relatively cheap liquid olls for these purposes
was made possible through hardening them by hydrogenation.
Credit for showing how this might be done efficiently and
economlically is generally glven to Normann who recelved a
British patent in 1903 (89). This patent had disclosed that
the unsaturated fatty acids or thelr glycerides might be con-
verted into saturated compounds by treatment in the liquid
state with hydrogen in the presence of a finely divided metal
such as platinum, iron, cobalt, copper and especlally nickel,
adapted to act as a catalyst. The process was very rapidly
put on an industrial basis for soap-making and somewhat less
quickly for the production of edible products.

Interest at first was limited to converting a liquid to
a solid fat in the quickest and cheapest waye. Conslderation
was given principally to design of equlipment, development of
efficient catalysts, techniques for removal of catalyst and
studies on the varlious catalyst polsons that had to be avoid-
ed. Then, for the edible industry, came a critical period
during which studies were made on the digestibility of harden-

ed fats as well as the possible harmful effects of small



amounts of nickel. Clayton (27 p.26) states that by 1920 it
was generally agreed that nickel in the amounts likely to be
present in hardened olls had no detrimental phyatologlical
actlon and that these hardened fats had equally as high
dlgestibility as natural fats.

When these problems had been thus satisfactorily answere
ed the oll-hardening industry could feel secure. It could
no longer be doubted that it was an industry which was here
to staye. At this point investigations turned to studies on
the mechanism of the reaction, and in the edible industries
to lncreasing resistance to rancidity, and to improving
physical properties at various temperatures. Studles on the
changes in the fatty acids during hydrogenation complicated
greatly the simple plcture originally held of hydrogen adding
at a double bond to bring saturation. First, a selective
feature was noticed about this addition, and secondly, iso-
aclds were noticed among the products making analyses more
difficult and tﬂ; complete plcture less clear.

The present discusslion will deal with the hardening of a
vegetable oil to produce an edible shorteninge First the
customary processing steps will be dealt with in ordere. Then
the baslc step of hydrogenation will be considered as to the
changes which occur during the reaction and the rate of the
reaction. Finally, mention will be made of conjugated hydro-
genation and hardening by elaldinization.

Acknowledgment is made to a number of references which
have been helpful in preparing varlious sections of thls re=-
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2. Processing a Vegetable 0il to Produce an Edible Shortening

The complete process which must be carried out in in-
dustry consists of a number of individual processes or steps.
These willl be consldered separately.

a. Refining the crude oil

This 1s considered very important since such substances
as free fatty aclds, albuminous matter, organic sulphur com-
pounds, traces of phosphorwus -contalining lecithin, etc., all
interfere with the hardening process through exercising a
toxic effect on the catalyst.

The normal refining process employs alkall refining and
adsorbent bleaching to prepare an oil for hydrogenation.
There may often be actually four operations involved:

(1) Pretreatment or desliming. This may consist only of
settling or filtering with diatomaceous earth. Howewver it
may involve a treatment with water, steam, or even mineral
aclds.

(2) Neutralizing. This is generally carried out using a
sodium hydroxide solution with concentrations, temperatures
and times varying with different 0ils and different plants.
Conditions of stirring, etc., must be such as to gilve good
mixing but without formation of emulsions. Soaps formed should
agglcmerate so as to settle quickly. The content of free
fatty acids 1is reduced to about 0.04 per cent. Continuous
processes have been lntroduced which depend on a centrifugal
separation of the foots. These are sultable when one oil of

approximately constant composition is treated.
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(3) Washing. This step is included to remove the last traces
6f'soap, and since in industry it is important to have a small
loss in alkall refining, it is preferred to wash out any ex-
cess of alkali rather than allow it to be used up in saponify-
ing some of the oil. Washing may be accomplished with water
alone or may include the use of a solution of sodium chloride;
the last traces of molsture may be removed by wacuum drying.
(4) Bleaching. This is gemerally carried out by agitating
the 0i1l at a specific temperature with a definite amount of
some adsorbent substance such as fuller's earth, or activated

charcoal. Separation 1s then effected by filtering.

b. Production of hydrogen
In addition to the o0il which 18 to be hydrogenated, two

other materials must be supplied: hydrogen and the catalyst.
For the purposes of this review we need not discuss at length
the mefhods used in the preparation of the hydrogen. It 1s
sufficient to say that the electrolysis of water glves the
purest hydrogen. However, consumption of electric power is
high and unless this is cheap the users of hydrogen are

obliged to look to other means of production.

ce Production of catalyst
In the preparation of a catalyst may metals and metallie

compounds have been suggested, but metallic nickel 1s the most
satisfactory from an economical and industrial point of view.
Whitner (131) states that the following may also be used as

metals and in some cases as oxldes: platinum, palladium,



iridium, rhodium, ruthenium and osmium. These catalysts
appear to possess the property of bringing about hydrogen-
atlon at temperatures considerably lower than those required
for nickel. Thelr greater activity l1s however insufficlent
to balance the much greater cost. Cobalt and copper also
display certain hydrogenating activity but are not so widely
applicable as nickel.

Nickel in the form of a smooth metallic surface, e.g.,
metal turnings or electrolytically deposited films, has no
catalytic actlivity. It must be speclially prepared to have
the actlve centres which are required to bring about a react-
ion. Four distinct methods of preparation are iln common use.
(1) Dry method. A carefully precipitated, washed and dried
nickel carbonate or hydroxide is reduced in a current of
hydrogen gas at temperatures varying from 300-500°CG. The
active nickel may or may not have an inert substance as
carriere. If 1t is desired to use a carrier, the inert
material (generally kieselguhr) 1s added to a solution of the
nickel (sulphate or nitrate) and the nickel carbonate or hydrox-
ide 1s precipitated on the carrier. This is then washed,
dried, and reduced. In the majority of cases it 1ls preferred
to have the nickel mounted on such a support. This serves
to spread the nickel so that a greater surface 1s avallable
for catalysis and also provides a material which can be wash-
ed more readily to purify it prior to reduction and which can
be more readlly flltered from the o0lil at the conclusion of

hydrogenation. The finally prepared catalyst is pyrophoric
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in nature and must be protected from air, either by keeping
it in an atmosphere of carbon dlioxide or in an oll or fat
medium. Bag-(1l0) suggests that it is sufficient for the
catalyst to be»cooled in an atmosphere of carbon dlioxide gas;
it may then be kept for one month in alr without loss of
activitye. The dry method has found considerable use es-
peclially forilaboratory studies. For industrial use it is
less favored because 1t 18 slow and costly, and the product
lacks uniformity.
(2) Wet method. An easily decomposible nickel compound,
such as nickel formate, is muspended in an oll and 1s reduced
in an atmosphere of hydrogen at a temperature of 200~-250°C.
for 2 to 4 hours.

(HCOO) Ni.2H,0 —> Ni + Hp +:2C07 + 2H20
This leaves a finely dispersed catalyst which has high acti-
vity and is quite uniform.
(3) Alloys. An alloy of nickel with silicon or aluminium is
treated with an aqueous solution of sodium hydroxide. This
dlssolves the silicon or aluminium and leaves a finely divid-
ed nickel.
(4) Massive. Turnings or small pleces of nickel are placed
in a long perforated cylinder having a nlckel rod through the
centre of the mass, which serves as an electrode. The small
masses are subjected to anodic oxldation so as to become
coated with a film of oxide; then, while hot oil and hydrogen
pass through, the oxlide 18 reduced to furnish a surface of

active metal. This type 1is most useful in preparing the



catalyst for the continuous process of hydrogenation(74).

(d) Hydrogenation of the oil
- The usuél hydrogenation process 1s a liquid-phase oper-
ation in which hydrogen 1s intimately mixed with the heated
oill in contact with finely divided catalyst. Temperatures
of 175-200°C. are generally used but the reaction has been re-
ported as taking place at 50°C. (135) and at 300°C. (114).
The hydrogen pressure 1s generally one atmosphere or slightly
higher although the reaction has been carried out at reduced
pressures, e.g., 20mm. (Excourrou, 38) and at pressures of
195 atmosphere and above (Waterman and Van Dijk, 125).
Within limits, and increase in pressure will reduce the
temperature required. However, pressures near atmospheric
are preferred in industry since it 1s difficult to prevent
loss of gas by leakage at high pressures.

Two distinct methods are employed to secure lntimate con-
tact of oll, catalyst and hydrogen:
(1) The batch process. Hydrogen is passed through the hot,
well-agitated 01l in the presence of a powdered catalyst.
This may be carried out 1ln two ways:

(a) The Normann process. The hydrogen is conducted
into a vigorously agitated mixture of o0ll and catalyst.

(b) The Wilbuschewltch process. The mixed o0il and
catalyst are sprayed in at the top of a hydrogen-filled
chamber. The mixture may be wlthdrawn and sprayed 1ln any

number of times to get the desired amount of hardening.



(2) The continuous process (Bolton and Lush, 74,77). The hot
oii and hydrogen are passed over a speclal statlonary catalyst.
This also has been carried out in two ways:

(a) The drip method. The o0il flows downward over the
catalysi to meet an upward current of hydrogen. -

(b) The overflow method. The catalyst chamber is filled
with oil which 1s made to overflow from vessel to vessel.

Although the continuous process would appear to be parti-
cularly advantageous, and working models have demonstrated its
feasibllity; this type of hydrogenation 1s remarkably un-
selective (a feature which will be discussed later). This
factor has prevented it from being widely accepted. Thus
the present technically important processes of hydrogenation
are of the batch type and these will be considered almost ex-
clusively in the present discussion.

In laboratory studlies the hydrogenation apparatus 1is
usually made of glass and equipped with an external oscillat-
ing shaker or with a paddle stirring device. Constant
temperature 1s maintalned by an external electric heating
coll with asbestos wrapping for insulation, or by immersing
the apparatus in an oll bathe. Provision may be made for
withdrawing small samples for analysis. The catalyst most
commonly used 1ls reduced nickel carbonate on a kieselguhr
support. ] It is added either directly in the flask or dilut-
ed with an inert solvent which may easily be removed. The

hydrogen 1s measured by a pressure gauge or by a flow meter.

The course of the hydrogenation is followed by observing the
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decrease in refractive index of samples taken at intervals,
or by checking the volume of hydrogen absorbed. Iodine
number determinatlons on a serles of samples cannot be made
quickly enough to keep pace with the reaction, but this may
serve as an accurate means of plotting the course of a react-
ion after it has been completed. After hydrogenation (even
by the continuous process) the oil must be filtered while at

a temperature of 60-70°C. to remove the catalyst.

(e) Deodorization

This process effects the removal of inherent odours and
flavours as well as a characteristic hydrogenation odoure.
It is a highly specliallzed type of steam distillation carried
6ut at temperatures of 175 to 220°C. and under a pressure of
not more than 3 or 4 cm. and commonly less than one cme. How~-
ever one worker has suggested (7) that a pressure of 2.5 cm.
is preferable to 0.6 cm. since a greater welght of steam may
be taken through and the deodorization time thereby reduced.
The volatlile substances removed may be terpenes, ketones,
alcohols, acids or aldehydes in the majority of vegetable
oils. It is important at the end of this treatment, while
the fat is hot, to prevent inclusion of air. It may also be

necessary to filter the fat again.

(f) Catalyst recovery

This 1s important in large plants; in smaller ones 1t
may not be economical and then the spent catalyst is sold to

manufacturers of nickel salts. Loss of catalyst activity is
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attributed (3) to two factors which decrease the hydrogen
pressure at the catalyst surface, i.e., (1) presence of poisons
(especially sulphur, also halogens, arsenic or phosphorus)
and (2) preferentiazl adsorption of gaseous impurities at the
surface. Reactivation may be effected by washing off excess
fat with a solvent as petroleum ether, diethyl ether, or
carbon tetrachloride, heating in a furnace to remove oxidize
able and volatile impurities, and finally reduction again to
metallic nickel. If this is not effective, it 18 necessary
to dissolve the nickel in acid (41,111) and from the purified
solution, prepare the salt, e.g., carbbnate, which is to be

reduced, as in the original preparation of the catalyst.

3¢ Changes Which Occur During Hydrogenatlion

a. Addition of hydrogen

The fundamental change in hydrogenatlion 1s the addition
of hydrosen at the double bonds of the unsaturated fatty
aclds. Thus oleic acid on hydrogenation is changed to

stearic acid:
CH3-(CH2)7-CH=CH-(CH2)7-COOH+H2->CH3(CH2)16-COOH

b. Selectivity

The oils commonly hydrogenated have both linoleic and
olelc acid present and some, such as soybean o0il and linseed
oll, have significant amounts of linolenic acild. With these
different unsaturated systems present there 1s an unequal com-
petition for the hydrogen which is supplied. It has been

found that the hydrogen 1s taken most easily and most rapidly
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by the more unsaturated systems, thus there 1s a selective
feature to the hydrogenation reaction. The more unsaturated
fatty aclds are reduced to less unsaturated ones before the
least unsaturated are completely reduced (25). There seems
to be no doubt that hydrogenation 1s selective but there 1s
disagreement as to the degree of selectivity. A fairly high
degree of selectivity is desirable since, for best keepling
qualities, the more highly unsaturated fatty acids should be
hydrogenated.

The effect of various factors on the extent of selectiv-
ity may be expressed according to Williams (132), by a figure
which represents the increase in the saturated acids at the
point where the unsaturated aclds have been reduced to the
equivalent of oleic acid. Selectivity is highest when this
figure is lowest. The effect of temperature, concentration
of catalyst, nature of catalyst, pressure and agitation will
now be consldered briefly.

Higher temperatures up to 200°C. are generally consider-
ed to favour selectivity (21,40,127,128). The numerical
values, by the method of Williams, at 100 and 200°C. are re-
spectively eleven and sixe. However, a decrease in selectiv-
ity has been observed at very high temperatures (31,100).
Waterman and Van Vlodrop suggest that above 200°¢.
selection may fall off because of shifting of double bonds to
conjugated positions which hydrogenate simultaneously (43).

However, since hydrogenation 1s an exothermic reaction, it

would be expected that before this happens, or in addition
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to this, an increase in temperature would prevent the normal
increase of rate, and cause those reactions to take place
which are endothermic, namely the formation of high melting
iso~acids.

Increasing catalyst concentration seems also to increase
selectivity, but here the influence is much less marked (31,
99). The increase expressed by the Williams method for a
five to ten-fold increase in catalyst is only one dr two points.
Conflicting findings have also been reported (40,87,125,128).
Mitchell (84) believes that, within limits, an increase in
catalyst concentration increases selectivity but at too great
a concentration there 1s a decrease.

Nickel is a much more selective catalyst than either
platinum or palladium (100,119). Thus aside from the cost
there is a further good reason for the preference shown to
nickel as the catalyst in industry.

Increasing pressure has the reverse effect to increasing
temperature -- it causes a decrease in selectivity (87,90,119,
126). Doubling the pressure 1s reported to reduce the
selectivity by about one half, but this 1s not always conced-
ed (40,99).

Agitation also influences the selectivity of the reaction.
With slow aglitation there will be a longer period of contact
between the oll particles and the catalyst. This will tend
to cause more complete saturation of these oll particles
while other o0il particles, near but not in contact with the

catalyst remain unchanged. Thus the reaction will be
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relatively unselective. On the other hand, rapid agitation
wlll decrease the time of contact of oll particles with
catalyst thus presumably decreasing the extent to which they
may become saturated. This short contact will also mean

that in any time interval more o0ll particles will have con-
tact wlith the catalyst. Thus there should be more chance of
reducing all of the highly unsaturated fatty acids to a less
unsaturated state before many fatty acida have been completely
saturated, i.e., the reaction should be more selectlve.

These theoretical conslderations seem to be borne out,
in part at least, by the fact that in the continuous hydro-
genatlon process where the oil flows over a stationary
catalyst, mixing 1s obviously poor and the reaction is very
non-selective (28,55,58). High~speed mixing and increased
rate of hydrogen flow have shown increased selectlvity, e.g.,
(35). However, rapid agitation will apparently bring an
increase in selectivity only up to the point where the
catalyst is brought into uniform suspension. Beyond this,
further agitation has merely the effect of increasing the
contact between 0ll and hydrogen which 1s equivalent to in-
creasing the concentration of hydrogen and thus decreasing
selectivity. In agreement with this, Waterman and Bertram
(63,124) f£ind the Normann process more Selective than the
¥Wilbuschewlitch processe. A contrary view has been reported
by Moore, Richter and Van Arsdel (87) in finding increased

agitation to be less selective.
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c. Iso-acid formation

" The catalytic hydrogenation of the esters of unsaturated
fatty‘acids is often,1f not always, accompanied by lsomeriz-
ation reactions. The lsomerization will occur even in the
absence of hydrogen, i.e., on heating with the catalyst alone
(129,130). The term iso-oleic acid is applied loosely to in-
clude all those octadecenoic acids other than oleic, which
are produced in hydrogenation. It may be concluded (12,13,
59,85,112,116,121,133,137) that it consists of a mixture of
elaidic acid plus the;ﬁ§'9, NO-11 2ng sometimes the £§1'12,

215 gcids. The latter two arise from linolelc acid

and ‘Ce
and the other two from olelc. There may also be elaidiniz-
ation or lisomerization at the double bonds in these positions.

The presence of these fatty aclds glves the fat a higher
melting point and in some cases advantage has been taken of
thls fact to employ conditions favoring their formation, thus
producing a hardened fat with less hydrogen than would other-
wise be required (51,86). However, there has been some
difficulty in imparting the desired physical characteristics
to fats of a high iso-olelc acld content so the tendency has
been to favor conditions which reduce thelr formation. The
iso~-acids of hydrogenated fats have nevertheless been shown
to be readily utilizable as foods, e.g., (11).

The total amount and the proportions of these aclds de-
pend on the process used and the conditions of operation.

Their formatlon 18 not due to the dehydrogenation of stearic

acid (112,128). There are, however, four types of change
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which may occur to cause the formation of iso-acids.

(1) Selective hydrogenation. This may cause, for example,
the formation of AX°~17 oleiec from linoleie acid (112,137).
(2) A bond shift toward the methyl group (14,120).

(3) A bond shift toward the carboxyl group (121).

(4) Cis-trans isomerism (85).

~ As mentioned above, the conditions of hydrogenation have
an effect on the process of 1so~acid formatione. The effect
of individual factors will be considered briefly.

Increasing the temperature is generally considered to
increase the production of iso-acids (9,21,49,79,115,117).
One paper (1ll4) contradicts this, but the experiments were
done at temperétures over 250°c. The reactions which give
rise to the higher melting polnt iso-acids are endothermic,
and would be expected to proceed more readily at higher
temperatures.

Some workers find that the yield of iso-acids lncreases
as the catalyst concentration is increased (9,31,79), but
one inveetigatér reports no change, probably because the
temperature was over 250°C.(114) With regard to the nature of
the catalyst, it is reported (85) that nickel forms less iso-
acids than palladium. The method of preparing the nickel
calalyst may also have a large effect (9) as may the presence
of copper with the nickel(79)s 1Increasing the pressure
seems to decrease the production of iso-acids (9,118), and

conversely at reduced pressures a product with a high con-

tent of iso=-olelic glycerides 1s obtained (38,39).
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Increasing the operational time is considered to favour
the formation of iso-acids (49,117). The nature of the pro-
cess 1s also reported as affecting the extent of iso-acid
formation, being less in the continuous process than in the

Normann process.

d. Ester interchange
Some lnterchange of acyl groups between the molecules of

triglycerides occurs in the hydrogenation of mixtures of
glycerides but the rate is comparatively slow. Atherton and
Hilditeh (6) £ind that about five per cent of the total

glycerides present are involved per hour of exposure at 180°C.

4, Reaction Rate

The question of reaction rate 1s quite unsettled. Some
repoftAthat hydrogenation procéeds normally at a constant
rate at least over a large part of the reaction (2,69,99),
and some flnd 1t proceeding in a step-wise manner and going
at a constant rate throughout each of the two or three steps
(16,22,23,74,80)s Others (60,107,113) suggest that the
reaction 1s of a first order type.

An increase 1n temperature is found to increase the rate
(87,107) but only to a relatively small degree. The latter
paper réports that the rate increases 2.8 times for a rise in
temperature of 60°C. It seems probable that diffusion and
the nature of the fatty acids present (4,5) may be important
factors affecting the results.

Increasing the catalyst concentration is reported (40,87
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and others) to bring about a corresponding lncrease in rate
and two wofkers (69,75) £ind that doubling the concentration
of catalyst increases the rate fifty per cent.

Increasing the pressure is known to lnerease the reaction
rate, and it is generally consldered that the rate is pro-
portional to the pressure of hydrogen, however 1t 1s not
agreed whether the atomic or molecular concentration should
be considered. Armstrong and Hilditch (3) say it is mole-
cular but other reported data (87,107) suggest that the rate
varies with the atomic concentration,ri.e., in proportion to
the square root of the pressure.

The relation of agltation or speed of stirring to re-
action-rate has peen fully studied by Reid (61,83), and it is
concluded that "in hydrogenation, a gas, a liquid, and a heavy
metal powder must be brough£ together. With slow stirring
the catalyst 1s probably not kept in uniform distribution and
only part of it is effective. At a certain speed all of it
is brought into action and from then on the rate depends on
bringing the gas into contact with the liquid and the relation
becomes linear."

An 1nteres£1ng suggestion concerning the mechanism of
hydrogenation has been made by two workers (2,75). They
believe that an oll=catalyst complex 18 formed in equilibrium
with the 01l and catalyst, and that 1t 1s thlis complex alone
which further reacts with the hydrogen.

Varlations in hydrogenation-rate may be caused by dife

ferences 1n the structural arrangement of the fatty aclds in
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the glyceride (57,87), and the rate of hydrogenation of fatty
aclds alone may differ from that of the glycerides. It
would appear that the presence of the free.carboxyl group
retards the rate of hydrogenation (56,94) but the reverse is

also reported (3).

5. Conjugated Hydrogenation

This recent development in hydrogenation has received

most éttention from Russlian workers, for example Lubarski,
etc. Conjugated hydrogenation is defined as "the catalytic
dehydrogenation and simultaneous hydrogenation of another
substance present in the mixture at the expense of the liber-
ated hydrogen but without its appearance in the vapor phase"
(73)e The reaction may be represented thus:

AH4 B—>»BH + A
where AH 1s the subatance which can be dehydrogenated and B
is the unsaturated fatty acld or glyceride.

Ethyl alecohol 1s commonly used as the source of hydro-
gene It forms acetaldehyde on losling two atoms of hydrogen
per molecule. Other alcohols have also been trled in the
reaction, e.g., methyl, propyl, isopropyl, isobutyl, isoamyl
and hexyl alcohols (64,103) and nickel formate has served
simultaneously as catalyst and source of hydrogen (l1). The
reaction is usually carried out by heating the oil, catalyst
and alcohol in an autoclave with a nickel catalyst at about
250°C. and 30 to 40 atm. pressure (73,95). However, Bennett

(17) noticed that high pressures had no advantage and



20

suggested that the reaction might go as well at atmospheric
pressure.

The reaction ig very incomplete and analyses show that
the linoleic acld generally 1s reduced entirely, that the
increase 1n saturated acids is small, and that olelc and iso~
oleic increase by about the same amounts (103). The princi-
ral use of this process has been to produce an edible oil
from sunflower seed o0il which resembles olive oil in composi-
tion. This 1s done by chllling the o0ll after the conjugated
hydrogenation, and then flltering to remove most of the

saturated and iso-acid components (15).

6+ Other Means of Hardening Edible 0ils

a. Elaidinization or lsomerization

This has been suggested as a means of hardening food olls
to give a product which has a satisfactory colour, odour and
taste. Elaldinization is combined with hydrogenation in the
hardening of fish oil (96), and with conjugated hydrogenation
to harden various oils (102). The commonly used catalysts
are sulphur dioxide (122), selenium (18,66) and nitrogen
oxides (66).

b. Hydrogenation of oxldized olls

It is reported that a white, solld hydrogenated linseed
0il of superlor quality 1s obtained by this process but it is
not decided.as to whether more or less hydrogen is required for

thie type of hydrogenation (32,105).
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B. Flavour Reversion

l. General

Flavour reversion appears to be an extraordinary type of
deterioration in a fat. Although 1t has been reported in
other oils, e.g., corn and cottonseed (33), it constitutes a
much more serious problem in relation to linseed and soybean
olils. The term "reversion" implies the return of a flavour
or odour which has at some previous time been removed, but
this implication is mlisleading as the flavours and odours
which appear 1ln reversion are different from those which were
present at any stage in processing the fat. It seems neces-
sary to make a distinction between reversion in an oil and
in hydrogenated shortening. It has been found with both lin-
seed oll (71) and soybean o0il (19), that as reversion proceeds
various odours become evident. These are variously des-
eribed as "grassy", "painty", "fishy", "cucumber-like", and
even as reéembliné ofer-heated rubbere. Such a succession of
variable unpleasant odours has also been observed by the
author in linseed oll. The case 1s dlfferent however in re-
gard to reverted linseed oll shortening. The erganoleptic
sensations of taste and odour assoclated with such a reverted
material do not resemble any of those observed in the oil,
or in the hydrogenated shortening when freshly deodorized.
These sensations are characteristic, and if mild may be con~-
sidered pleasant, but when strong are sharp and irritating so

a8 to be definitely unpleasant or even repulsive.
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A hydrogenated and deodorized linseed oll shortening is
almost free of odour and taste. It will have only that
sllght taste and odour which 1s common to vegetable shorten-
ings. Reversion will be noticed afﬁer a few weeks storage at
room temperature, 10 to 12 hours at 100°C., 1 to 3 hours at
200°C., and after as little as 8 to 10 minutes when baked in
a pastry at a temperature of about 27500.

The studies on flavour reversion which have been re-
porte& in the literature are, almost without exception, con-
cerned with the group of "off" odours which have been observed
on heating linseed or soyﬁean 0il (generally the latter).
Thus, in this short review, "reversion" will have this meaning
although these studies may not relate definitely to the pro-
blem of the reversion which occurs in linseed oil shortening.
This topic will be reviewed first as to possible causes of
reversion and second as to preventlon. This will be follow-

ed by a short section on the judgment of flavours and odours.

2. Causes of Reversion
At least four sources of trouble have been suggested
(19,33), viz.:
Highly unsaturated fatty acids, e.g., linolenic acid.
Oxidation products from natural antioxidants.
Nitrogen-containing substances.

Certain hydrocarbons present in small amounts.

ae Linolenlc acid

The conclusion that this is in some way responsible
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mlght be arrived at readily when it is observed that linseed
0ll and soybean o0il contalin linolenic acid, whereas none is
found in sunflower seed, corn, cotton, or peanut oils. This
1s the most obvious difference in composition between these
two groups of oils. If such were the case, the amounts pre-
gent (about forty per cent in linseed oil and two to three per
cent in soybean oil) would suggest that the reversion problem
might be much more serious with linseed oil.

Suggestions as to the manner in which linolenic acid
might behave to cause reversion have been indefinite. It has
been found that the reduction of the linolenic acid component
of linseed o0ll did not remove the flavour (98). So it would
geem that 1f linolenic acid is the cause, 1t is not respons-
ible per se, but rather ln that it forms an offending product
through some chemical change. Durkee (33) suggests a ringe-
closure mechanism or a process of ketone formation following
slight oxidation. Theories which suggest an oxidation change
as responslble have been held from the earliest investigations
(98) and have some experimental evidence to support them (19).
However, little i1s known of the nature of the substance
oxidized, although it 1s implied that the unsaturated fatty
acids are involved. Suggestlons concerning the lmportance
of oxidation catalysts have been made (98), including both
heavy metals and organic compounds as catalysts. It was con-
cluded though, that oxldation of the o0il could proceed in the
absence of these. Lemon (70) offers the suggestion that in
the hydrogenation of linolenic acid the 2A2=13 gouble bond
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may be saturated first to form an lsomer of the common line

oleic acid which, when heated, forms the odiferous product.

be Decomposition of natural antioxidants
' The second suggestion, that oxidation of the natural

antioxidant present in the oil may be responsible, appears to
have some theoretical basis. Reversion appears to be accel-
erated by the same conditlons which hasten the onset of
rancidity, but 1t may be detected before rancidity develops.
The chain-theory mechanlism of antlioxidant function suggests
that the first step in fat deterlioration is the oxidatlion of
the antioxidants present (68 p«.l37). This explanation of
reversion appears to be inadequate since antloxidant sub-
stances in crude and in refined soybean o0ils have been used

to stabilize other fatty materials (48).

c. Nitrogen compounds

An odoriferous nitrogen-containing substance has also
been associated with flavour reversion (123). This is
interesting since soybean and llnseed o0lls s8till retain re-
latively large amounts of nitrogen (35 to 50 per cent of
original) even after refining (88,108). Furthermore, nitro-
gen compounds are frequently responsible for unpleasant odours
and flavours. Davies and co-workers (29,30) report that
trimethylamine oxide 18 an intermedlate in the production of
fishiness and have associated it with the decomposition pro-

ducts of lecithin, choline, etc., the amount present in an

oll increasing as oxidation of the fat progresses. Blckford
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(19) reports that trimethylamine oxide becomes increasingly
active 1n releasing formaldehyde, dimethyl-and trimethylamines

when fatty acids of increasing unsaturation are present.

d. Hydrocarbon compounds

. Saturated and unsaturated hydrocarbons having obnoxious
odours have been 1lsolated from vegetable olls and from the
condensate in deodorization (19,78). These compounds have
not been ldentlified nor have they been correlated with flavour
reversione.

It 18 evident from the above review that the problem is
far from being solvede. It has not been definitely establishe-
ed as to whether the responsible factor is in the saponifiable
or in the unsaponifiable part of the oil. Broge (24) reports
that herring oll lost none of 1lts taste and odour elther on
removal of the unsaponifiagble fractlon or on separating the
total fat acids, re-esterifying and refining. Davies (30)
found that the unsaponifiable fraction of vegetable and
animal fats does not develop an odour when heated with tril-
methylamine oxide although the fat acid fraction of linseed

01l reduces trimethylamine oxlde and acquires a fishy flavour.
These findings would suggest that the flavour is probably
associated with some fatty acid component of the olil inter-

acting with certain nitrogen compounds.
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3. Preventlon of Reversion

a. By lmproved refining

Steam deodorlzing and blsulphite refining reduce the
formation of odour and flavour but do not prevent 1it(55).
Bickford and co-workers (20) have studled refining tech-
niques in relation to reveréion in soybean o0ll and find that
wlth more firastic alkall refining and deodorizing, the
stablllity of the oil to reversion is reduced. By employing
an improved refining technique, a marked improvement in

stability has been claimed (19).

b. Antioxidants

Since the conditions retarding oxidative rancidity appear
to delay the onset of reverslion and since the addition of
various natural and synthetlc substances have been shown to
have a marked effect in stabllizing fats against rancidity
(46,54,91), these might be expected to exert a similar effect
on reversion. An actlve antioxidant has been extracted from
soybean meal (47) and certaln polyhydroxy compounds, phos-
phorlic acld esters of fatty aclds, etc., have been found to

retard flavour reversion (36,37,109).

ce Molecular distillation

Short-path distillation or molecular distillation has
been claimed (109) to produce a soybean 0il which did not re-
vert. This 1s surprising since the o0ll was first freed of

phoaphatlides and the natural antioxidants are removed in the
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first fractions (44). If successful it would seem to refute

any relationship of antioxidants to reversion.

d. Speclal refining technigue

A'refining technique has been used which involves rapid
heating of the crude oll to the "break point", separating
the reddish-brown gelatinous mass which is formed and carry-
ing out the usual alkali-refining operation (97). It is

claimed that reversion of the product is delayed or eliminated.

e. Speclal hydrogenation

It is reported that controlled hydrogenation at a uni-
form rate and using temperatures of about 200°C. with a rela-
tively inactive or special nickel:chromium or aluminium
catalyst gives hydrogenated olls which are resistent to rever-
gion (62,65,86). A patent to Lever Bros. (92) claims im-
proved stability in soybean o0ll hydrogenated with a mixed
catalyst eontaining one or both of copper and silver and one

of chromium, vanadium, tungsten, and uranlum.

f. Oxidation of revertible substances

Young and Black (136) claim to have prevented reversion
in hydrogenated soybean oil by oxidizing with air at about
15006. and then deodorizing.

4, Judgment of Flavours and Odours

Special methods are employed in judging the quality of
foods such as milk productsg, but no report has been found

which deals with methods of estimating flavour reversion in
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fats or oils.

Many types of scales have been used to express the
organoleptic Judgment of qualitye. In judging oxidized
flavours in milk, Trout et. ale. (108) have a scale of four
points (+Lto +4) and a scale of tweniy-six points (from O
to 25) in different tests. They do not consider the nature
of the scale of great importance but stress the need for the
Judges to exert a conslderable mental effort, this factor
being most important in explaining the success of the better
Judges.

Wilson and Slosberg (134) describe a procedure for judg-
ing quality in egg powders., They use the British system of
rating for scoring the flavour. This is a ten-point scale
with each point described briefly so as to reduce the differ-
ences8 1n scoring any sample both between Jjudges on the same
day and between judgments of a slingle Judge on different

testse. The scale used for egg powders is as follows:

=

HFOoWeEN oONN®®W0VO
i
!

-- Excellent

-=- Very good

-= Good Sultable for
-=- Slight storage flavour household use
Storage flavour

-« Slight off flavour

~= Definite off flavour

<~ 0ld and unpleasant Not acceptable

«- Very old and unpleasant for household

-= Inedible use

Three or four judges were considered sufficlent to con-

stitute a panel. The same scale has been used by Thistle
and co=workers (91,104) in judging egg powders. They found
that although a panel of seven persons gave a fairly good
Judgment, at least fourteen persons are necegsary to obtaln a

sound rating.



III. METHODS

A number of the methods most frequently used are des=
eribed here. Other methods less frequently used and require
ing only brief description, will be detailed under "Experiment-

al" .
A. REFINING

l. Alkali Refining

In all alkall refining operations a 30 per cent solution
of sodium hydroxide in water was added to the oil (or shorten=-
ing) in an amount about 6 to 7 per cent in excess of that re-
quired to neutralize the free fatty aclids present. When re-
fining an o011, the mixture was agitated by rapid stirring at
room temperature for 45 minutes, by slow stirring at 65-70°C.
for 30 minutes, and then was allowed to stand overnight at
room temperaturee. In refining a hardened shortening the
whole operation was carried out at 65-70°C. with rapid stirre
ing for only 10 minutes followed by slow stirring for 30
minutes and allowing to stand for 10 hours at 65°C. In both
cases the soaps were separated by filtration with suction.
The sollid soaps formed a firm mat on the filter and the o0ll
was repassed through thise. The free fatty acids were reduc-

ed to 0.02 to 0.04 per cent (as oleic acid).

2. Bisulphite Refining

This was carrlied out in a manner similar to alkall re-

fining but using 5 cc. of a 10 per cent solution of sodium



30
sulphite 1n water per 100 g. of oil. Agitation was slightly
less rapid in the first stage to avold the formation of an
emulsion. On settling, an aqueous layer appeared with very
little solid foots; the supernatant oll layer was decanted and
filtered.

3+ Adsorbent Refining

a. 9llica gel-alumina adsorbent

One hundred grams of silica gel (Stermson Laboratories,
Brantford, Ont.) was ground to 100 mesh and added with stirre
ing to a solution of 55 ge. aluminium nitrate nonahydrate in
400 cc. of absolute ethyl alcohol in a large evaporating dish.
The dish was placed on a steam bath and the mixture stirred
to remove the alcohol; then dried in an oven at 100°C. and
£inally heated in a muffle furnace at 750°C. for three hours.

To prepare the filter, the adsorbent was spread to a
depth of about one inch over a fllter paper in a Bachner
funnel of 2% inch dlameter. About 200 g. of oil was allowed
to percolate through by gravity and about 65 per cent of it
passed through the column. This o0il was perfectly clear and
had only a very slight colour and odour. A further 15 per
cent could be recovered with suction, but this oll was slightly
coloured and was not used in any of the tests.

The adsorbent was recovered by washing out the residual
01l with Skellysolve B and re-~heating in a muffle furnace at

750°¢. for three hours. The reclaimed adsorbent was less

active; the flltered oll being slightly more colored but the
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difference was not marked and the product was used in some of

the tests.

be Flltrol=carbon adsorbent

A special Filtrol and an activated carbon, Darco G=60,
were obtained from Mr. W.H. Lemon (Ontario Research Founda-
tion) and mixed in the proportion of approximately 5:1 (83.4 g.
of special Filtrol to 1l6.6 g. Darco G-60). This was added
to the 01l at the level of 3.6 per cent and the mixture
agitated vigorously for 30 minutes at 65-70°C. The oil was
then flltered with suction, the adsorbent forming a firm mat
through which the o0ll was repassed.

This adsorbent was not recovered, a fresh portion being
uged for each experiment.

A number of the shortenings studied were refined with
this adsorbent refining by Mr. W.H. Lemon using essentially

the same procedure as that described above.

B. PREPARATION OF CATALYSTS

The catalyst used throughout this work was prepared by
the dry reduction of nickel carbonate on a sllica gel base
a8 described by Hilditch (53 pp.409-10) but silica gel (ground
to 100 mesh) was used in place of kileselguhr (67). Reduction
was carried out at approximgtely 509°c. for two hours, the
combustion tube being rotated frequently to ensure the com=-
plete reduction of the product. The first catalysts prepar-
ed were stored in carbon dioxide and the later ones in a

small amount of hydrogenated linseed o0ll or Domestic Shortening.
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The nickel content of these catalysts (by calculation) was 28
ber cent if stored and weighed dry, and about 14 per cent if
stored in the hydrogenated fate.

C. HYDROGENATION

1. The Apparatus

An eccentric=driven shaker-type apparatus manufactured
by the Standard Caglorimeter Co., East Moline, Ill., U.S.A.,
was used for hydrogenation (Figure 1).

The reaction takes place in a pyrex bottle, B, of 500 cc.
capacity, which is heated by a coil of nichrome wire wound
around the outside of the bottle between layers of asbestos
paper. The reaction temperature can be changed and adjusted
by means of a light-bank rheostat in the circult (not shown in
the picture). The electric current is conducted to the react-
ion bottle from this rheostat by means of the wiring, W.

The wiring of the bottle 1s connected with the remalnder of
the,circuit at the plug, P. The switch in the ecircuit 1s on
the rheostat board and is not seen in the picture. A screw,
S, (behind the bottle) holds the stopper in the bottle and at
the same time fastens the bottle firmly i1n the shaking frame.
The storage tank for hydrogen, T, is of about 3.5 l. capaclty
(approximately 10 cm. diameter and 45 cm. long). It is
connected with B, via the valves V2 and V3, and the thicke-
walled rubber tublng RB' When V, 1s closed and Vy and V3
open, a contlnuous passage 1s formed which by~passes the tank,

?, and suction may be applied on the thick-walled rubber



Figure 1

HYDROGENATION APPARATUS

B - Hydrogenation bottle

G1 and G» = Pressure gauges

L « Leather belt to drive shaft

P = Electric plug

Ry, Rp, and Ry - Thick-walled rubber tubling
S = Screw which holds bottle on frame

Vi, Vo, V3 and V, = Valves on tank

W = Wiring to light=bank rheostat

33
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tubing, R;, to evacuate the bottle, B. A water pump (not
shown in the picture) supplied the suction. The tank, T, is
fllled with hydrogen from a cylinder via the thick-walled
rubber tube, Ry, and a valve, Vy, at the farther end of T.

The gauge, G1, shows the pressure of hydrogen in T, and the
gauge, @2, shows the pressure in B, both reading in pounds
per square lnche. The leather belt, L, 1s shown iIn position
to drive the eccentric wheel from the drive shaft above and

behind the apparatus.

2. Operation
A charge of 100 or 200 g. of 0ll with the catalyst was

placed in the reaction bottle and the screw tightened to fix
the bottle in position. Then the bottle was evacuated,
filled with hydrogen to about 30-40 pounds pressure, again
evacuated to remove the alr more completely, and finally fill-
ed with hydrogen to the desired pressure for the hydrogenation.
The valve V3 was closed and the aglitation started. After a
short period required to heat the oil (indicated on G, by a
rise in pressure) the reaction commenced and the pressure
began to fall.

Two techniques were employed with regard to the pressure
of hydrogen during the reaction. The first method kept the
pressure approximately constant at 15 pounds per square inch
so that the reaction was taking place at an absolute pressure
of approximately two atmospheres. It was possible to hold the
pressure within 2 pounds per square inch by giving frequent

attention to the regulation of the valves. With V; closed
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and‘V3 open a setting of Vo could be found that would admit
hydrogen at approximately the same rate as it was being con-~
sumed .

The second method of operation allowed the pressure to
vary during the reaction. The valves V, and V3 were opened
after the initial warming period so that the pressures in B
and T were the same. As hydrogen was consumed in the
reaction the pressure gradually fell. The reactlion was
usually started at a pressure of about 35 pounds per square
inch and allowed to continue until the pressure reached 10
pounds per square inch. If more hydrogen were required the
tank T was quickly fllled agaln to a pressure of about 35
poundé and the reaction continued.

The course of the hydrogenatlion was followed by noting
the fall in pressure on the gauge Gq which had been calibrat-
ed in terms of volumes of hydrogene In some experiments
information concerning the rate of hydrogenation was of
interest. In these cases a record was made of the pressure
at different times during the reaction. From the calibration
of the apparatus these data could be expressed in terms of the
volume of hydrogen consumed and thus the iodine number of the
011l could be calculated. For most of the hydrogenations a
careful study of the progress of the reaction was of no
practical value, and the gauge pressure was watched only so

that the reaction might be stopped when the oil had been hydro-
genated to the desired lodine number.

At the end of the reaction, the shaking was stopped, the
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pressure in B released by closing V, and opening V3 and V3,

and the electric current to the heating coll turned off. The
screw, S, was removed and the wiring to the bottle disconnect-
ed at the plug, P, so that the bottle could be removed from
the frame. The hydrogenated o0ll was then flltered by pouring
the hot oll=-catalyst mixture onto a filter paper in a Bachner
funnel and sucking dry; a good pad was formed through which the
sample was refiltered. Clear filtrates could thus be obtain-
ed before the oll had cooled. A sample was taken to deter-

mine the iodine number and the remainder was transferred to a

round-bottom flask (5600 cc.) preparatory to deodorization.

3+ Adjustment of Temperatures
The apparatus permitted heating the oil at different

temperatures. The rheostat conslsted of a number of lamps
(up to six) wired in parallel, and it was in series with the
ﬁeating coils Changes 1n the number and wattage of the

lamps made possible the following adJustments of temperature:

Size of

No. of Lamps Temperature
Lamps _ (watts) of 011 (°g,)

6 200 230

6 150 180

5 150 152

4 150 123

3 150 83

2 150 52
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The tempergture was determined by placing a thermometer
in thé hydrogenation bottle as soon as the stopper had been

removed.

4. Calibration

The volume of hydrogen releassed when the pressure dropp=-
ed a known number of gauge divisions was measured as follows:

The stopper which fits into the bottle was replaced by a
short tight-fitting rubber tube which was closed by means of
a clamp; and the tank was filled with hydrogen to a pressure
of 40 pounds per square inche. The valve V; was closed and
the valves Vo and V3 opened so that thé pressure recorded on
the gauge Gl was that of the hydrogen which filled the tank
and the passages through which hydrogen would normally pass
right up to the bottle B. Then the portion of the tube R3
between the gauge, GQ, and the bottle was lmmersed in water
in the sink with the tip under the mouth of an inverted 10-1l.
bottle, previously filled with water. The reading on the
gauge, G, was recorded and the clamp on the tlp carefully
opened to gdmit hydrogen which was allowed to escape from
the tank until the bottle was exactly full when the mouth
was railsed to the water levele A record was then made of
the pressure reading on G, the temperature of the water (and
hence the temperature of the gas), the barometric pressure
and the exact volume of the 1l0-1l. bottle. The procedure was

repeated, i.e., another 10-1l. of gas was collected with the

fall in pressure, etc., recoréed.
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A factor for the conversion of gauge readings to volume

of hydrogen at N.T.P. was calculated from the followling datas

Observed barometric presasure T52.5 mme.

Temperature: 22.700.

Temperature correction (brass scale) to 0°c. 2.8 mme
Corrected barometric pressure T49.7 mm.
Volume of 10-1l. bottle 10820 cc.
Volume
Vapour Volume of Hop

Gauge Readings Temp. Pressure Pressure of Hy, (cc.at
of Ho of Ho0 of Ho(cor.) (cc.at N.T.P.)

Trial lst. 2nd. diff. (©A) (mm.Hg) (mm.Hg) N.T.P.) per gauge
. - division
1 49,0 11.8 37.2 290.5 15.0 T34.7 9820 264
2 42,2 5.1 37T.1 292.0 16.5 T33.2 9740 262

The calculated converslon factor (exclusive of bottle) is
therefore 1 gauge division = 263 cc. of hydrogen at N.T.P.

If the pressure in the bottle was kept constant during
the operation of the apparatus, this conversion factor was
adequate regardless of the volume of the charge or of what the
actual pressure might have been. This 1s evident slnce after
the charge and the bottle had been raised to the operational
temperature the volume of hydrogen present in the bottle (cc.
at N.T.P.) remained constant to the end of the reaction.

The drop in gauge pressure then accounted for all the hydrogen
absorbed.

This was not the case however 1f the pressure in the



39

bottle fell with the pressure in the tank. In this case the
volume of hydrogen in the bottle (cc. at N.T.P.) at the end of
the reaction was less than at the beginning. To correct for
this, the volume of the reaction bottle was determined and a
relatlionship calculated to give the necessary correction for
any 8ize of charge. The calculations for charges of 100 g.
and 200 g. are given below:

For 100 g. For 200 g.

charge charge
Vélume of bottle 550 cc. 550 cc.
Approximate volume of charge 110 cc. 220 cc.
Residual space in bottle 440 cece 330 cc.

This is the volume at 450°A. and at

pressure (lbs. per square inch) =

gauge pressure (P) + 14.7(1 atmosphere).

Volume of hydrogen at N.T.P. to fill

this residual space is (P+14.7)

Bmultiplied by the factor 18.02 cc. 13.53 cc.
Correction: Approximate decrease in

volume (ccs at N.T.P.) of hydrogen

for 1 division on gauge = 18 cc. 13.5 cc.
Corrected factor: 1 division in

terms of volume (cc. at N.T.P.)
of hydrogen = 281 cc. 276.5 cc.

These correction factors were plotted and it was found
that they lay on a straight line which passed through the
point of zero correction for a charge of 500 grams -- a full
bottle (Pigure 2). Thus, a8 would be expected, the correcte-
ion was linear. The equation of the straight line was found

to be:
V= 22.5 = 0.045 ¢
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where V 1s the volume correction, and C is the welght of the
charge in grams. The corrected factor equating 1 division
on the gauge in terms of volume (ec. at N.T.P.) of hydrogen
could now be eag8lily obtained for any size of charge by adding
to the factor 263 a correction determined from this equation.
From the above factors for conversion of gauge readings
to volume of hydrogen absorbed, factors were then calculated
for converting the gauge readings to indicate the drop in the
lodine nuhber of the oil. The lodine number of an oil is
the number of grams of iodine which may be absorbed by 100 g.
of the oil.
Thus, 1 unit iodine number ==lfg.igf iodine absorbed by 100 g.
of oil.

= 0.00781 g. of hydrogen absorbed
by 100 e of oil.

=8T.5 cc. (at N.T.P.) hydrogen
absorbed by 100g. of oil.

That 18, 875 cc. (at N.T.P.)

of hydrogen absorbed per 100

ge of o1l =1 unit drop in iodine number.
or, 1 ce. (at NeT.P.) of

hydrogen absorbed per 100 g.
of oil =0.,01142 drop in 1odine number.

If the apparatus were operated at constant pressure (1
gauge division = 263 cc. of hydrogen at N.T.P., then a
pressure drop of 1 gauge division per 100 gram of oll would
indicate an absorption of 263 cc. (at N.T.P.) of hydrogen per
100 grams and a drop in iodine number of 263 x 0.,01142 = 3,02

units. If the apparatus were operated with the pressure
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decreasling,the hydrogen volume equlvalent to a gauge division
(Pigure 2) multiplied by 0.01142 glves the drop in iodine
number for a pressure drop of 1 gauge division per 100 g. of
olil.

To simplify the calculations a graph was prepared
(Figube 3) showing the hydrogen volumes (V) which are equiva-
lent to 1 gauge division plotted against the drop in iodine
number (D) for a pressure drop of 1 gauge division per 100 g.

of oil.

5. Rate of Reaction

From the hydrogenation runs in which a record was kept
of the volume of hydrogen absorbed at various time intervals
it was possible to make some observatlons regarding the re-
action rate.

A reaction is of zero order if the rate ls unaffected by
the concentration. This may be expressed by

de
at

=K,
where ¢ represents the concentration of the reacting substance,
t represents the time and K, is the zero order reaction con-
stant. If thlis describes the conditlons then con-
centration plotted against time glves a stralght line.

A reaction 18 of first order if it is found that the

rate 1s directly proportional to the concentration of the re-

acting substancee. This may be described as
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Figure 3
CALIBRATION CURVE
D = 0,01142F
drop in iodine number for pressure drop
of 1 gauge division per 10U g. of oil
F = factor calibrating gauge divisions
to volumes of hydrogen
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which on integration becomes:
- log ¢ = Klt. 4+ constant

Agaln ¢ is the concentration of the reacting material,

t 1s the time and K, 1s the first order reaction constant

which includes the factor 2.303 converting Naplerlan logar-

ithms to common logarithms. If these conditions obtain the log.of the
concentration plotted against time glves a straight linee.

In this work the unsaturated fatty aclds were the react-
ing substances and their concentration at intervals during
the reaction was calculated as indicated above from the iodine
number and hydrogen absorbed. This value was plotted against
time, and the log.of the concentration was also plotted

against time.

D. DEODORIZATION

' Some of the first deodorization treatments were carried
out by bubbling carbon dioxlde or nitrogen through the fat at
200°C. for three hours while the pressure was kept at five mm.
or less with a Hyvac pumpe.

Steam deodorization was carried out in the apparatus de-
picted in Figure 4.

The stopcock, S, is closed and water vapour 1is passed
from this flask A through the heated and asbestos-covered
pyrex tube to escape through a jet into the shortening in the
flask B. A sufficient volume of steam is evolved and passed

through the oil by having the water in flask A at a moderate

temperature since the vapour pressure of water at 20°C. 1is
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DEODORIZATION APPARATUS

Source of water vapour.

Flask containing fat, with a jet for steam.

0il bath.

Ice-water trap.

Calcium chloride trap.

Hyvac pump.

and H = Flasks serving as a valve to regulate the
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17.5 mm. Hg (50 p.106l). The temperature of flask, B, is
malntained at 200°C. by the oill bath, G, The escaping vapours
pass through a trap and are condensed in the flask, D, surround-
ed by an ice~water bath and the remaining traces of water
vapour are held by calcium chloride in flask, E« A mercury
manometer, J, is connected to flask, D, and by subtracting
from the barometric pressure the difference in the mercury
levels in the two arms, the actual pressure in the flask, D

(or C) i8 obtained. Since the vapour pressure of the water

in the ice trap is 4.6 mm. (50 p.1060), this is the lowest
pressure theoretlieally possible with this apparatus. The
apparatus seemed satlisfactory since with the Hyvac pump, F,

the pressure was constantly close to 5 mm.

The flasks, G and H, facllitate the release of the vacuum
without permitting the deodorized shortening to come in con-
tact with air. The flask, G, is fitted with a rubber stopper
having three tubes passing through 1t and is nearly filled
with waters With S closed, nitrogen is blown gently into the
flask forcing all the water into flask, H, and finally to wash
the small amount of alr out of the flask. The gases bubble
through the water in H and escape. When the deodorization is
complete the flames are turned off, the oil bath is removed,
the pump 1s stopped, and while the nitrogen gas 1ls passing
into G, the stopcock, S5, is opened. This permits nitrogen
gas to pass through the apparatus blowing out the water vapour,

releasing the vacuum and partlially cooling the oll. With

some adjustment of the stopcock, S5 and only very coarse
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regulation of the flow of nitrogen into flask G, the "valve"
formed by the flasks, G and H, makes 1t easily possible to
control the release of the vacuum.

The product in flask C was frequently coloured after
deodorlzation but this could easily be removed by adding
about 5 per cent of a filter aid and filtering through a
Bachner funnel. Silica gel adsorbent was generally used but
Super-cel Standard was also employed.

An improved design of apparatus has been described by
Bailey (8) which would be advantageous for a study of the

compounds removed in deodorization.

E. ANALYTICAL PROCEDURES

1. Acid Value

The A.0.A.C. method (81 p.417) was followed with the
exception that samples of 5 g. were frequently used with 15
cc. of ethyl alcohol when the amount of material would not
permit taking the regular 20 g. samples. Titration with
N/100 sodium hydroxide was preferred to N/10 alkali when the

free fatty acid content was low.

2. Iodine Number

The method of Rosenmund and Kuhnhenn (10l) was used with

a number of modifications. It 18 here described 1n detail.

a. Reagents
(1) Pyridine sulphate dibromide (Brominating reagent). Eight

grams of p¥ridine and 10 g. of sulphuric acid were dissolved in
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20 ce. of glaclial acetlc acid. To this was added a solutlion
containing 8 g. of bromine in 20 cc. of glacial acetic acid.
The mixture was diluted to one l. with glacial acetic acid.
(2) Starch solution. A paste of 5 g of soluble starch with
about 10 cc. of water was prepared and poured into 500 cc. of
bolling water to make a 1 per cent solution. Then 75 ge of
potassium chloride was dissolved in this solution to protect
it from bacteria. The final solution was stored under a
layer of toluene in a stoppered bottle.

(3) Thiosulphate solution. Crystalline sodium thiosulphate
was dissolved in recently boiled water (24.82 g. to one 1l. of
water). The solution was made just alkaline to phenolphtha-
lein with sodium hydroxide, and stored in a carefully-cleaned
brown bottle fitted with a siphon delivery and a soda=lime
tube to absorbd carbon dioxlde. This solution, approximately
one=-tenth normal, was frequently standardized with potassium
dichromate (42 p.354=5).

(4) Potassium iodide solution. A 10 per cent solution of
potassium iodlde was freshly prepared for each set of deter-

minations as the solutions darkened on standing.

b. Method

About 0.1 g. of the sample was welghed accurately in a
emall glass bottle made by 8eallng a glass tube and flatten-
ing it at the sealed end so as to give a bottle of about 1/4
in. diameter and 3/8 in. high. The bottle plus sample was

placed in the lodine flask, 10 cc. of carbon tetrachloride
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added and the sample dissolved by warming gently.

Then 25 ce. of the brominating reagent was added, the
stopper inserted immediately, the flask ewirled and about 0.5
cce. Of the potassium iodide solution added around the lip of
the flask. The flask was placed in the dark for exactly 10
mine. then 10 cc. of the potassium iodide solution was allowed
to run around the lip of the flask while releasing the stopper
to allow the solutlon to enter the flask. The stopper was
then replaced and the flask swirled. Finally 100 ec. of
distilled water was slowly added to the flask while the stopper
was slightly released, and then, with the stopper returned,
the flask was swirled vigorously.

The free iodine in the flask (liberated by the bromine
in excess of that which reacted with the fat) was then titrat-
ed with the thiosulphate solution to a light straw colour;
about one-half cc. of starch solution was added and the titra-
tion continued to the point where the last drop of thiosulphate
discharged the blue colour. The stopper was then inserted
and the flask shaken to mix thoroughly the agqueous and the
carbon-tetrachloride layers. If a bluish colour reappeared
more thiosulphate was added to decolorize the solution. A
bluish colour which often appeared on standing was dlisregarded.

All determinations were made in duplicate and blank
determinations were run in duplicate with each serlies to give
a measure of the amount of bromine in the 25 cc. allgquot added

in each test.



3+ Peroxide Content

The ferric~thiocyanate method as described by Lips, et.
al. (72), was employed with some minor changes in detail.
In the ﬁreparation of the reagent the careful adjustment of
volume seemed unnecessary so a graduated cylinder was used.
The reagent.was prepared in an Erlenmeyer flask which permitt-
ed easier mixing and handling than in a volumetric flask, and
it was decanted from the undissolved ferrous salt instead of
filtering through an acetone~washed filter paper. The fat
wag welghed into a 50-cc. Erlenmeyer flask instead of a beaker
80 that on dissolving 1n acetone, there would be less loss of
acetone on warming. The peroxide content was expressed in

milliequivalents (M.E.) of peroxide per kilogram of fate.

F. CONJUGATED HYDROGENATION

The conjugated hydrogenation experiments were carried out,
at approximately atmospheric pressure in the apparatus shown
in FPigure 5.

In operation the stopcock, S, 1s closed and the stopper
in flask, A, is wired down. Alcohol vapour from A passes
via a jet into the oll contalning the nickel catalyst in flask
B, which 1s maintained at 180°C. by an oil bath, C. D is a
water=cooled splral condenser which recovers the alcohol.
With the spiral-type condenser placed in this manner some of
the liquid condensate collects in each turn of the spiral and
permits a small pressure to be bullt up in the flask B.

To follow the course of hydrogenation the stopper in
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Figure 5

CONJUGATED HYDROGENATION APPARATUS

Ethanol.

Flask containing fat with a Jet for the ethanol vapour.
01l bath.

Condenser.

Stop cocke.
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flask B, was loosened at intervals, a long glass tube inserted
into the 0il and a sample of about 4 to 5 g. withd.rawn. The
stopper was immediately replaced and the reaction continued.
The sample was quickly filtered through filter paper in a
Gooch cruclble and if not free from catalyst, it was flltered
againe. This could be done quickly wlthout the sample solld-
ifying if the filter was warmed (75°C.) before use. The
iodine number of each sample was determined to indicate the

degree of hydrogenation.

G. JUDGMENT OF QUALITY OF SHORTENING

l. Quantitative Estimate by Panels

In a number of cases a panel of ten to fifteen Jjudges
was organized to quantitatively measure the quallty of a par-
ticular series of samples. In some cases the flavour and 1in
others the odour of the samples was Jjudged. In either case,
two methods were employed to assign a numerical score to each
sample. In the first method a ten-point scale resembling that
of Wilson and Slosberg (134) was used with the points on the

scale described briefly in the following manner:

-
10 Excellent Conslidered
9 Very good , suitable

8 Good for
7 Slight off flavour (odour) household
6 off flavour (odour) < use.
5 Slight oily or reverted
flavour (odour) Considered
4 Definite olly or reverted 7 not
flavour (odour) acceptable
3 Unpleasant flavour (odour) for
2 Very unpleasant flavour (odour)| household

1 Repulsive flavour (odour) /7 use.



53

Each sample in a series was scored by each of the judges.
The scores for each sample were then averaged. The best
score posaible was thus 10 and the poorest was 1l.

In the second methed the judges were asked simply to ine
dicaté for each sample in flavour Judgment whether or not they
considered 1t of satisfactory flavour for household use; and
in the case of odour judgments, whether or not they consider=-
ed it to have a reverted (or worse) odour. Then to glve a
rating of the "excellence" of each sample the number of judg=
ments declaring it satisfactory (or not reverted in odour)
were added and this total divided by the number of Judgments,
glving scores in fractlonal quantitles. Thus with 12 judges
in a panel,a sample Judged satisfaétory by all judges would
have a score of 12/12 = 1, and a sample judged satisfactory
by 6 judges would have a score of 6/12 = 0.5. To have these
scores more nearly llke those obtained by the first method
each was multiplied by 10, thus the two samples mentioned
would receive final scores of 10 and 5 respectively. In a
number of experiments it was desired to follow the progress of
reversion by noting the development of the reverted odour.

In these cases 1t was more convenient to record for each
gsample the percentage of the judgments which considered it
reverted. It should be pointed out that both forms of this
second method graded the samples on a acale of eleven polnts

because a very poor sample could recelve a score of zero if

all judges considered it unsgtisfactory.
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2. Flavour-Judgment by Panels

In the flavour-judgment tests which were panel-judged the
samples of shortening were used by the third~year Household
Science cooking=class in baking (muffins, biscults and pastry
in different tests) and the class served a8 the panel to judge
the products. The whole class was divided into two sections,
A and B, of twelve girls each, having different periods for
their cooking class. Each girl prepared baked products from
two samples of shorteninge. A complete duplicate of the bak=-
ing and judging was obtained by having Section A use the 24
samples of a series and each of the 12 girls Jjudge all of the
24 products, then at the next perlod, Section B used the same
24 samples and each of these twelve girls judged all of the 24
products. Also members of the staff of the Department of
Household Science frequently served as Jjudges in these panels.

In these tests all samples were placed in 250=cc. beakers
with watch=glass covers and gliven numbers by drawing numbered
cards from a box. The baked products were arranged and Jjudg-
ed in numerilcal order. The numbers of a series of samples
were the same for both sections. The samples were not dls-
cussed during Jjudging, nor were they discussed with Sectlion A
at the conclusion of the Jjudging because Section B was later
to judge the same samples. To minimlze differences due to
baking, both sections used the same recipe, technique and bak-
ing time and temperature. Also the method of scoring judg-

ments was the same in each section; whichever method was used,

both sections used 1it. These quantitative measures of
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quality made possible the analysis of the data by statistical

methods.

3+ Odour-Judgment by Panels

In these tests also the samples were randomlzed and none
were known to the judges. These Jjudgments were entirely for
reversion-cdour in samples of shortening and were never tests
of baked products. Each sample consisted of about 2 to 3 g.
of shortening in a Syracuse dish (approximately 2 in. diameter
and 3/8 in. deep). The dishes of each series were given
numbers (starting from 1) as with the other samples, and were
judged in this order.

The judging panel for these tests was composed of post-
graduate students in Agricultural Chemistry. All the students
available were presented with samples of fresh and reverted
linseed o0il shortenings and twelve were chosen to form the
panels because they showed themselves able to distinguish be-
tween the samples and expressed confidence in their ability
to recognize the reverted odoure. In addition,a test glven
to these Judges to ascertain the reliability of thelr Judgments
indicated that all judges should be retained in the panel.

4. Qualitative Judements

| For every sample of shortening prepared ln the course of
this investigation, the success or failure of the process in-
volved, lay in the answer to the question, "Does it give a

reverted flavour when used in baking?". During the course

of the work it was thought that 1t might be sufficient to
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determine whether or not a sample would give a reverted odour
on heating in an oven at 100°C. However this was felt to be
not the real criterion of quality. Such a test would lack
finality, although it might give an indication of what was
probably unsuccessful.

Thus for all samples it was desired to have a baking test
as a ﬁeasure of the quality. In many cases samples of short-
ening were prepared which could not convenlently be baked and
Judged by the panel. The class of students could do only a
limited amount of this work, and could do that only at certaln
timese. For the samples not baked and Judged by this cooking
elassa, various individuals in the Department of Household
Science gave parts of their spare time. In this manner bak-
ing was done by two girls of the third-year class, four of the
fourth~year class, and one graduate in Household Science. In
all these tests, pastry was prepared and the samples were
Judged qualitatively by the author, by the girls who cooperat-
ed in doing the baking and by a few graduate students in the
Department of Agricultural Chemistry.

H. ADDITION OF ANTIOXIDANTS

The antioxidant was dissolved in a small amount of diethyl
ether and this solution added to the melted shortening in a
beaker at a temperature of about 65°C. The mixture was stirr-
ed thoroughly during, and for a few minutes followlng, this
addition. The volume of ether solution was commonly 10 cc.

while the amount of the fat was from 100 to 200 g. When the
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fat had become appreciably cooled it was placed in an oven at
65°C. and was stirred frequently as long as bubbles of ether
vapour excaped (about 45‘m1n.). Then the remaining ether was

removed in a vacuum désiccator.



IV. EXPERIMENTAL

A. MODIFICATIONS OF ESTABLISHED PRACTICE

In thls section will be described a number of experiments
which were designed to determine whether or not it might be
possible to produce a non~reverting linseed oll shortening 1f

some modification of the usual processing methods were employed.

l. Effect of Catalyst Concentration

In addition to the effect of catalyst concentration on
reversion, 1t was very early in the work found desirable to
know its effect on the rate of the reaction. This informa=-
tion would tell what amount of catalyst was required to carry
out the reaction, and to what extent the time requlred might
be reduced by increasing the amount.

Pour samples of alkali-refined hot-pressed linseed oil
(each 100 g.) were hydrogenated at 180°C. with catalyst con-
centrations of 0.3, O.4, 0.5 and 0.6 per cent nickel. Six
samples of crude hot-pressed linseed oil (each af 100 g.)
were hydrogenated at 180°C. with catalyst concentrations of
Oe4, 0.7, 0.85, 1.0, 1.4 and 1.7 per cent nickel. These
hydrogenations were stopped to give products having an lodine
number of about 65.

The hydrogenation curves (Figures 6 and T) show in detall
the progress of the reaction in each of these experiments.
The figures 6' and 7' have been prepared for the information

they glve concerning the reaction rate. The catalyst
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Filgure 6
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Figure 6'
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Figure 7
HYDROGENATION CURVES
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Figure 7'
HYDHOGENATION CURVES
(Log. conc, vs. time)
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efficlency curve (Figure 8) summarizes the findings regarding
the effect of increasing catalyst concentrations on increasing
the rate of the reaction.

To determine the effect of varying the catalyst concen~
tration on reversion flavour in the shortening these samples
were deodorized and then used to make pastrye. Qualitative
Judgments of the flavour indicated that the crude linseed oil
gave a somewhat better shortening with increased amounts of
catalyst but there seemed no difference among the shortenings
prepared from the refined oil. In general phe shortenings
from the refined linseed oil and the better ones from the
crude 0il were of similar quality. However, the reverted
flavour could be detected in all samples; none were free of
it. Nevertheless some of the samples were considered not
unpleasant and two of them were considered by some of the
judges to be better than the Domestic Shortening control.

The indications were not always definite since in some cases
duplicate gamples prepared from the same shortening differed
appreciably. It was thought that differences in the amount
of cooking might account for some of these differences since
well=browned pastries were observed to have a better flavour
than corresponding ones 1f not browned. An absolute control
of all factors involved in the baking seemed not te be
possible since these samples had been baked for the same
length of time and at the same oven temperature.

On the basls of these experiments with different concene-

tractions of catalyst, future hydrogenations of refined oils
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were carried out with 0.5 to 0.6 per cent nickel catalyst and
hydrogenations of crude oils were carried out with 1.0 to 1.2
per cent of nickel. These amountswere employed since they

reduced the time required for the hydrogenation without waste-
fully using the catalyst, and also since with crude oils this

amount seemed to give a better shortening.

2. Hydrogenation at Different Temperatures

It was desired to study the effect of different hydro~
genation-temperatures on the quality of the shortening produced,
and also to study the effect of increased temperature on the
rate of hydrogenation. Five samples of an alkali-refined hot-
pressed linseed o0il (each of 100 g.) were hydrogenated with 0.6
per cent nickel catalyst at the following temperatures: 52, 83,
123, 152 and 180°C. The course of each hydrogenation was
followed in detall and the reaction was allowed to continue to
give a product with an lodine number of about 65. The details
of these reactions are shown iln the accompanying graphs
(PFigures 9 and 10). Figure 10'gives additional information
concerning the reaction rate. The deodorized shortenlngs
were of satisfactory odour and with the exceptlion of that
hydrogenated at 52°c. which was a pale yellowish-green, all
were satisfactorily free of colour. There appeared no marked
differences in flavour of pastry baked from them beyond those
differences which existed in duplicates. All the samples had
a reverted flavour, yet one of the products (from the shorten-

ing prepared at 123°C.) was preferred to the control Domestic
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Figure 10
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Figure 10!
HYDROGENATION CURVES
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Shortening by two of the five judges, and two (from the short-
enings prepared at 152 and 180°c.) were considered equally as
good as the control by three judges. A definite conclusion
that the higher temperatures gave better products could not be
drawn since the duplicates of these "better" samples were
Judged no better than those samples baked from the shortenings
hydrogenated at the lower temperatures.

The effect of temperature on the rate of the reaction 1is
summarized in Figure 11 where the volume of hydrogen (cc. at
N.T.P.) absorbed by 100g. of o0il in 30 minutes is plotted
agalnst temperature of hydrogenation. It 1s shown that the
reactlon rate is markedly increased by increases of temperature
from about 80 or 90°C. up to about 150°C. Below and above
this range the effect is relatively slight.

In future work, a temperature of 180°C. was used in all
hydrogenations. This temperature was employed since it gave
2 shortening of at least as good quality as that produced at
lower temperatures and since 1t brought, as far as seemed

practical, a reduction in the time required for hydrogenation.

3., A Study of Refining Procedures

In these experiments a number of different refining tech-
nigques were studied on both a hot-pressed and a cold-pressed
linseed o0il. It was desired to learn whether the use of a
hot-pressed oll presented any speclal difficulties.

Filve samples of each 0il were hydrogenated after the

following treatments:
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a. No treatment. The unrefined oil was hydrogenated.

b. Alkalil refininge.

ce Alkall refining, then bisulphite refining.

d. Alkali fefining, then adsorbent refining(silica gel-

alumina).

8. Alkali refining, then adsorbent refining (Filtrol-

carbon).
The amount of oil hydrogenated varied between 150 and 200 g. in
these experiments but the concentration of catalyst was kept
at 1.0 per cent nickel for the unrefined samples and 0.5 per
cent for the refined ones. All these hydrogenatlions were
stopped where the lodine number of the sample had been reduc-
ed to about 70. All the deodorized products were of
satisfactory colour and odour.

The pastries prepared from these shortenings lndicate
that those from the hot-pressed oil were as good as the correse=
ponding ones from the cold-pressed oil. The shortenings
from the bisulphite-refined olls gave the poorest pastry,
but aside from these, it was consldered that increased refin-
ing did produce some improvement in quality. Thus the
samples from alkali-and-adsorbent-refined olls were conglder-
ed better than those from the alkall-reflned olls and these
in turn better than the samples prepared from the unrefined
oils. Between the two adsorbent refinlng techniques a slight
preference was expressed for the samples refined with the
sllica gel=-alumina.

In these Jjudgments, as ln those before, the pastry from
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the Domestic Shortening control was not always considered the
best; The majority of the judges actually expressed a pre-
ference fOr one sample of pastry prepared from the alkali-and-
8llica gel-alumina=-refined hot-pressed linseed oil. Duplicate
samples of pastry differed in some cases but in general there
was better agreement than ln the previous tests. However, a
critical judgment could detect a characteristic flavour in all
the samples prepared from the linseed o0ll shortenings.

4. The Effect of Degree of Hardening

| In the work reported above the samples of shortening had
been hydrogenated to iodine numbers ranging from about 60 to
TO. These had melting points in the range of 45 to 50°C. and
were definitely too hard to be nicely worked in making pastry.
This factor possibly accounted for some of the variabillty
observed between duplicate pastry samples. Newvertheless 1t
had been felt that these samples had a petter chance to be
free from reversion than ones less completely hydrogenated.
A study of this point was considered necessary.

Eight samples of an unrefined hote-pressed linseed oll
were hydrogenated with 1.0 per cent of nickel catalyst to
jodine numbers ranging from 60 to 90. The actual iodine
numbers were: 61, 67, 68, 72, 76, 83, 87 and 89. The samples
were deodorized and then used to prepare pastry.

Qualitative Judgments indicated that the pastry prepared

from the three samples with the lower iodine numbers were of

slightly better flavour. In all samples the characteristic
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flavour of reversion was deteected but it was generally less
strong ln these samples. The texture of the pastry was,
however, best in those samples prepared from the shortenings
of iodine numbers 83 and 87. For desirable physical char-
acteristics 1ln mixing the pastry, the shortening with the
iodine number of 83 was preferred by the girl who did the
baking.

5. Blending a Linseed 0il Shortening with Sunflower Seed 0il

a. Samples tested at Macdonald College

The last experiment had shown that by hydrogenating lin-
geed o0ill to an i1odine number of below 70 the intensity of the
reversion flavour in the shortening might be slightly reduced.
But since such a shortening was too hard for easy mixing into
pagstry its use would necessitate softening, by blending with
a low melting oil or fat. It was decided to lnvestigate the
use of alkali-refined sunflower seed oil for such blendinge.

Two samples of a hot-pressed alkall=-refined and sdsorbente
refined (silica gel-alumina) linseed oll were hydrogenated to
an lodine number just below T7O. (The actual iodine numbers
were (a) 67.5, and (b) 69.0). They were then deodorized with
steam and filtered, to give shortenings practically free of
colour and odour. The samples (a) and (b) were then blended
with sunflower seed oil in the following proportions:

(a) two parts linseed oll shortening and one part sun-

flower seed oil

(b) four parts linseed oll shortening and one part sune-

flower seed oil.
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Both of these blended shortenings were of sgtisfactory
colour and odour and when used in making pastry were conseider-
ed to be within the range of satisfactory hardness. The
pastries were of good texture and qualitative judgments indie
cated the flavour to be generally good and in a number of the
Judgments these pastries were considered as good or better
than that from Domestic Shortening. There seemed to be less
differences between duplicate pastry samples than had been ob-
gerved before suggesting that hardness of the shortening had
been a factor contributing to the differences, but since
differences were stlill noticed, this could not account for
it all. The presence of these amounts of sunflower seed
0il may have contrlibuted to mask the reversion flavour in
these samples, bﬁt it 4id not eliminate it, for this character=
istic flavour could still be noticed.

b. Samples tested by the Cereal Divisglion, Central Experimental

Farm, Ottawa

Two samples of hydrogenated linseed 01l shortening were
prepared from an alkali-refined linseed oil. These had
iodine numbers (a) 68, (b) 62. Both were of satisfactory
colour and odour. A portion of each was blended (as before)
with alkali-refined sunflower seed 0ll in the followlng pro-
portions:

(a) three parts linseed oil shortening with one part

sunflower seed oll

(b) two parts linseed oil shortening with one part sun-

flower seed oil
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The remalning portions of the two original shortenings and the
two blended shortenings were sent to the Cereal Division,
Central Experimental Farm, Ottawa. They were designated by
the following numbers:

(a) 25 (a) blended 25.1

(b) 26 (b) blended 26.1

The four samples were tested in bread, using 4 per cent
shortening in the dough. They were reported on as follows:

"Shortenings Nos. 25 and 26 were too hard to blend

properly in the dough and remained in small pieces

throughout the mlxing and fermentation periods.

This inadequate blending was apparent as well in the

finished loaf. A slight oily off-taste was observ-

ed in the toasted and untoasted bread, although this

could be attributed partly to the uneven distribution

of the shortenings.

"Shortenings Nos. 25.1 and 26.1 blended satisfactor-

ily into the doughs and produced loaves comparable

to the standard in which Domestic Shortening was

used. Four persons sampled the fresh bread and

toasted slices from the loaves made from these two

shortenings and in nelither £ase could they make a

distinction between them and the fresh bread and

toasted slices from the check loaf."
Later a test of these four shortenings was made with pastry.
In this test the reverted flavour could be detected in all
samples.

These results with pastry confirm our own findings with
the previous samples. The samples sent to the Cereal Division
had not been adsorbent refined, but 1t seems doubtful that
this would have brought a much more favourable report since
the advantages we had observed for this additional refining

were not great. Certainly the reverted flavour would still

have been present. It 38 interesting that these shortenings
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proved so satlisfactory in bread; however, the small proportlon

of shortening in the dough must be notlced here.

6. A Study of Different Samples of Linseed 01l with Different

Treatments

Seven different samples of linseed oil were obtalned by
Mr. WeHe Lemon from certain commercial plants. The seven
samples are described as follows:

l. Hot=pressed linseed oil from Dominion Linseed 01l Co.Ltd.

2. Cold-pressed " " " " " " neon

3+ Hot-pressed " nn " Toronto Elevator, Ltd.

4, Cold-pressed " " " " " "

5. Hot-pressed " " " Ganada Linseed 01l Mills,Ltd.

6. Cold-pressed " " " " " " " "

T. Special oll No. 100 from Pittsburgh Plate Glass Co.

PThe sample No. 7 is the fraction of low iodine number obtained
by furfural extraction of llinseed oll. This sample has an
iodine number of 155.

A sample of about 425 g. of each of these different olls
was recelved by the author. From each sample was taken two
portions of 200 g. each. One of these portions was hydro-
genated directly. This gave a series of shortenings (number-
ed 31 to 37 respectively) prepared without any refining prior
to hydrogenation. The other of these portions was alkall
refined and then hydrogenated. This gave a series of short-
enings (numbered 41 to 47 respectively). Each of the hydro=-

genations was carried out with 1.0 per cent of nickel
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catalyst for the unrefined oils and 0.5 per cent of nickel
for the alkali-refined oils. The hydrogenations were all
at 180°C., and all were continued to gilve shortenings with
lodine numbers of about 65.

In addition to these 14 shortenings prepared from the
seven oils, two series of shortenings (duplicates) were pre=-
pared by Mr. We.H. Lemon. These samples were alkalli-refined
and adsorbent-refined and then hydrogenated at 150°C. to
iodine numbers of about 75 to 80. Both series of samples
were recelved by the author for tests on flavour reversion.
They were numbered 71 to 77 and 81 to 87 respectively for
this study.

Thus there were four serles of shortenings representing
three different treatments, each serles containing seven
samples. A testing scheme was planned which would give a
quantitative evaluation of the quality of these shortenings
with regard to flavour reversion. It was hoped that infor-
mation, of a more definite nature than had been possible with
the qualitative tests previously employed might now be ob-
tained regarding the effect of the following factors on
flavour reversion:

The difference between hote-pressed and cold-pressed oils.

The difference between samples of hote=pressed oil.

The difference between samples of cold-pressed oll.

The value of alkall refining prior to hydrogenation.

The value of adsorbent refining in addition to alkali

refining.
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The advantage 1f any of using the linseed o0il fraction

6f low iodline number.

The testing technique has been described in detall under
"Methods". Three separate tests were made with different
baked préducts: (a) muffins, (b) biscuits, (e¢) pastry.

Only twenty~four samples could be studied in one test; the
following were selected:

Test (a): samples 31 to 37, 41 to 47, 81 to 87.

Test (b): samples 31 to 37, 41 to 47, 71 to T7.

Test (c): samples 31 to 37, 41 to 47.

This placed twenty-one samples in each of the tests (a)
and (b). In test (a) the remaining three samples included
were (1) Domestic Shortening, (2) Domestic Shortening hydro=
genated to resemble in hardness those linseed shortenings of
iodine number about 65, (3) a linseed o0il shortening compos=-
ed of a sample which had been hardened only to an iodine
number of 108, blended with a very hard hydrogenated linseed
0il with an iodine number of 33. These were blended in the
proportions of 2 partslof the soft to 1 part of the hard sample
giving a product of satisfactory physlcal propertiese. This
sample was included to give some further indication of the
effect of the extent of hydrogenation on reversion. In test
(b) the three additional samples included were all Domestic
Shortening. In test (c) the fourteen samples indicated
above were studied with eight of another series (to be des~

cribed in a later section). The remaining two samples were
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Domestic Shortening. In tests (a) and (b) the sampleswere
graded on the ten point scale and in the test (c) the samples
were rated as acceptable or not acceptable.

The scoring of the samples in each of the tests 1s shown
in Figures 12, 13 and 14. The 'Score of Quality" here is the
average score glven by each group of judges on each sample.
The scoring of the "controls" 1s also shown in these figures.
The data were arranged in tabular form and the analyses of
variance carried out as shown in Tables I, II and III. Here
all scores have been multiplied by 10 to remove declimal
pointe. The samples are described as to oil number (1 to 7)
and treatment nuéber (3,4,7 or 8); the latter indicating the
series (31, etc., 41, etc., Tl, etc., and 81, etc.) to which
the sample belongs.

The tables and statistical calculations show that the
factors controlled in this experiment, viz., the nature of the
samples and the refining treatment, do not account for a large
part of the variability in Jjudgments of quality. In one test
a distinet improvement in quality was indicated with further
refining of the o0il, but the other two tests did not show
this to be a significant factor. When the samples from cold=
pressed oils were compared with those from hot-pressed oils,
there were found to be no significant differences.

It was observed by the author and a few other judges in
a qualitative way, that there were genulne differences in the

baked samples as the recorded scores indlcated. It was often

felt that some of the samples might reasonably be scored as
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TABIE I
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Analysis of Flavour Judgments: (a) Muffins

Group A Group B
Treatment 3 4 8 Totals 3 4 8 Totals
011 No.
1 3 T2 69 178 54 63 69 186
2 35 T0 69 174 54 51 75 180
3 57 62 83 202 5 T2 67 189
4 42 64 T2 178 76 61 75 212
5 54 62 T5 191 62 T0 80 212
6 51 55 75 187 7L 58 75 204
7 42 59 45 146 59 64 T2 195
324 444 488 1256 426 439 513 1378

Totals

Source of Variance

Degree of Freedom

Mean Square

Between samples 6 89.7
Between groups 1l 35440
Between treatments 2 1126.51
Samples x treatments 12 21.9
Error 20 110.
41
Surpasses one per cent level of significance. No other

factor was significant at the 5 per cent level.

The differ=

ence between each of the treatments (on the means of the two

groups) was significant at the 5 per cent level.
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Analysis of Flavour Judgments; (b) Biscuits

Group A Group B
Treatment 3 4 7 Totals 3 4 7 Totals
0il No
1l 65 63 51 179 76 61 61 198
2 ™ 57T 717 211 50 59 77 187
3 67 T1 61 199 63 T6 61 200
4 68 47 67 182 77 64 52 193
5 56 64 65 185 TO 72 71 213
6 63 T3 56 192 31 34 69 134
7 67 55 T8 200 48 59 76 183
463 430 455 1348 416 425 467 1308

Totals

Source of Variance

Between samples

Between groups

Between treatments

Samples x treatments

Error

Degrees of Freedom

6
1
2
12
20

41

Mean Sguare

110.1
3840
8245

141.6

121.5

No factor was significant at the 5 per cent level.
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Analysis of Plavour Judgments; (c) Pastry

Group A Group B
Treatment 3 kT Totals ~ 3 % Totals
0il No.
1 83 T5 158 09 64 (]
2 92 83 175 18 09 27
3 83 58 141 36 55 91
4 75 08 83 36 64 100
5 00 33 33 45 55 100
6 25 83 108 73 18 91
7 58 92 150 09 27 36
848 226 292 518

Totals 416 432

Source of Variance

Between samples

Between groups

Between treatments

Samples x treatments

Error

Degrees of Freedon

Mean Square

1

6
1
1
6

)

27

288
3,889
240
644
1,800

No factor was signiflecant at the 5 per cent level.
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high or nearly as high as the Domestic Shortening control.
Nevertheless 1n all of these products the characteristic re-

verted flavour could be detected.

T. Recovery of Catalyst

The followling experiments were carried out to determine
whether the nickel catalyst might be reactivated without re-

moving the nickel from the silica gel carrier.

a. Mixed catallsts

A quantity of catalyst which had been used with oils
variously refined was washed with Skellysolve B to remove ad=-
hering fat. A portion of this material was saved (No. 1).
The remainder was heated in a muffle furnace at 600°C. for
four hours and then reduced in hydrogen at 500°C. for two

hours (No. 2).

be Catalysts from alkall refined and crude oils

Catalysts from the series of samples 31 to 37 (above)
were combined (No; 3) and compared with those from hydrogen=-
ation of the samples 41 to 47 (No. 4). These two s;mples of
used catalysts were washed with Skellysolve B, placed in a
muffle furnace at 70000. for seven hours, and then reduced in
a combustion tube with hydrogen at 50000. for two hours.

To test the efficiency of these catalysts they were each
used at the level of one per cent nickel to hydrogenate 100 g.
of an alkali-refined linseed oil (of iodine number 181). The

amount of reduction and time required was as follows:
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TABLE IV

Efficlency of Recovered Catalysts

Catalyst Time of Hydrogenatlon Final lodine
Number (minutes) Number
(1) 210 101
(2) 270 90
(3) 70 108
(4) 70 149

These results indicated that only a small part of the original
activity of these catalysts had been recovered through these

treatments.

8. Conjugated Hydrogenation

Two experiments were carried out to learn whether or not

this type of hydrogenation might result in a product which
would be free of reversion. It was also of theoretical in-
terest to know more about the reactlon.

Two 100-g. samples of an alkalie-refined hotepressed lin=-
geed oll were hydrogenated in the presence of one per cent
nickel catalyst at 200°C. whil® vapours of ethyl alcohol pass-
ed continuously through the mixture. In the first experiment,
which was allowed to go for twelve hours, 95 per cent alcohol
was used and the distillate which collected was passed through
againe. In the second experiment, which ran only for slx hours,
vapours from absolute alcohol were passed into the oll-calalyst
mixture and the distillate was not returned.

The course of each reaction 1s shown 1in Figure 15. It is

geen that the use of absolute alcohol did not bring a more
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rapld reduction of the oil, in fact the 95 per cent alcohol
seemed slightly better.

The products from these hydrogenations were soft, but it
was pbssible to test them in making pastry. After deodoriz-
ing to remove acetaldehyde, alcohol, etc., the samples were
chilled in an 1ice box. The pastries from both products had
definite reverted flavours. They seemed no better than many

which had been produced earlier.

B. CAUSES OF REVERSION AND THE USE OF SPECIAL TECHNIQUES

In this section will be described a number ¢&f Investie
gations regarding the cause of flavour reversion in linseed oil
shortening and a number of experiments using special processes
which were suggested by theoretical conslderations to offer a

means of producing an lmproved shortening.

l. The Saponifiable and Unsaponifiable Fractions

This experiment was carrled out to identify the factor
causihg reversion with either the saponifiable or the unsapon-

ifiable fraction of linseed oll.

a. Separation of the two fractlions

A 500=g. sample of hot-pressed linseed o0ll was saponified
and extracted in 100-g. batches following the procedure des-
cribed by Hilditch (53 p. 367=9). Each lot of oil was saponi-
fied by boiling under a reflex for flve hours with 25 g. of
potassium hydroxide in 500 g. of 95 per cent ethyl alcohol.

Any materlial not saponified in this treatment was separated in
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a continuous extractor and subjected to a further saponifica-
tion treatment similar to that glven to each 100-g. portion of
the oill. The unsaponiflable matter was then extracted with
dlethyl ether during forty-eight hours of continuous extraction,
the solution dried by passing it through anhydrous sodium
sulphate and the ether was distilled off under a reduced
pressure. The residue was freed of the last traces of ether
in a vacuum desiceator.

The alcohole-wgater solution of the saponified matter was
distilled in portions under a vacuum to reducg its volume.
The dlstlllations were continued to the point where foaming be-
came troublesome when combined residues amounted to ten liters
of solution. The fatty acids were freed by treating this
solution at 60°C. with an excess of sulphuric acid and stirr-
ing by bubbling carbon dioxide through it. Then it was
allowed to stand overnight and the free fatty aclds in part
decanted off and the remainder obtained by washing wilth
diethyl ether. The fatty aclds were combined in an ether
solution, dried by passing through anhydrous sodium sulphate
and the ether removed by didtillation under vacuum at 50°G.

and finally in a vacuum desliccator.

be Studies on the unsaponifiable fraction

To determine whether or not the 1lsolated unsaponifiable
fraction was responsible for production of the reverted flavour
the following samples of shortening were prepared:

(1) A 100~g. sample of alkali-refined sunflower seed oil

was hydrogenated and deodorized.
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(2) A 100-g. sample of the same alkali-refined sunflower
seed 0ll contalning one~flfth of the unsaponifiable
matter obtained above (i.e. the amount present in 100
g. of linseed o0ll) was hydrogenated and deodorized.

(3) A 100-g. sample of Domestic Shortening without treate
ment.

(4) A 100-g. sample of Domestic Shortening contalning
another one-fifth of the unsaponifiable matter obtain-

ed abovee.

These four samples were tested for flavour reversion by
prepafing pastry. The pastries from the sunflower seed oll
shortenings could be distinguished from the others but the
flavour was definltely pleasant. Both samples contalning the
linseed o0ll unsgponifiable fractlion had the same flavour as
their controls. No suggestion of the characteristic revert-
ed flavour of linseed o0ll was noticed by the author or any

one of five other Judges in these samples.

ce Studles on the fat acld fraction

The following experiment was carrled out to learn
whether the compoﬂent regponsible for the flavour reversion
existed in the fat aclds of linseed oil.

The method of Garner (45) was used to re~esterify a
portion of the fat aclds. A mlixture of 200-g. of the fat
acids and 25.0 g. (7«3 per cent excess) of glycerol were heat-
ed together for six houre at 200°C. in a 500-cc. round-bottom

flask while the mixture was stirred vigorously with a
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mechanlcal stirrer and carbon dioxide was bubbled through. A
determination of the free-fatty acids remaining showed that 85
rer cent had been esterified. The remainder were removed by
alkali ref}ning. The resulting neutral oil had a slightly
lower iodine number than the original oil (173.5 compared with
176) and was more reddish in colour. It was hydrogenated to
an iodine number of 86 and deodorized. The resulting shorten=
ing had only a slight colour and odour. Samples of pastry
prepared from it had a strong reverted flavour. They were
worse than many of the samples which had been prepared from
linseed o0il directly.

It seemed to be shown definitely by these experiments
that a component of the linseed o0il fatty aclds was responsible

for the phenomenon of reversion.

2. Free Fatty Acids

The temperatures employed in processing (180°C. for
hydrogenating and 200°C. for deodorizing) could have caused
the splittingeoff of some free fat acids from the glycerides.
It seemed that these mlght have a part in producing the revert-
ed flavour. This hypothesls was strengthened when a very
small sample of the mixed fat acids isolated from linseed oil
(above) was tasted. An intense burning sensation was produc-

ed at the back of the mouth.

as. Effect of treatment on free fat acid content and on flavour

It had been our practice to determine the content of free

fat aclds only on crude olls and on the same after refining
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to be sure that the refining had been adequate. In this
experiment a sample of hot-pressed linseed oil was alkali-
refined, hydrogenated and deodorized, and the free fat acid
conten? determined following each treatment. The sample was
divided into two portions for hydrogenation so that duplicates
were studled in regard to the effect of the latter two treat-
ments. Then, to study the effect of the small amount of free
fat acld present on the flavour, one half of each shortening
sample was alkali-refined again, and the other half kept as

a control on this treatment. The free fat acid content of

the samples following these treatments is shown in Table V.

TABLE V
Acid Value at Different Stages in Processing

Acid Value

Description (per cent

of Sample Oleic Acid)
Unrefined 0.81
After alkali refining 0.034
After hydrogenating 0.056 0.063
After deodorlzing 0.10 0.18
After the second alkall refining 0.028 0.031

To determine the effect of the presence of this amount
of free fat acids in the shortenling the four samples were

tested 1ln making pastry. Qualitative tests of the flavour
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did not indiecate any superilority for those samples which had
the lower fatty acid content. All samples showed the char-

acteristic reverted flavour.

b. Effect of a high concentration of free fat acids

To determine the effect of a large amount of the free fat
acids of linseed o0il 1n a shortening, a portion of the fat
aclds isolated above was hydrogenated until quite hard (iodine
number 43), and deodorized. The course of this hydrogenation
is shown in Figure 16. One portion of this product was
blended with sunflower seed oil (1l:1) to give a shortening of
suitable physical properties. Then both of these products
were tested in making pastry. The flavour of the product
prepared from the pure fat acids was the most disagreeable
that had been found in any of the products tested, but its
flavour was of a different kind. The other product had a
pleasant taste when first placed in the mouth, but after a
few minutes it caused a very unpleasant irritatlion at the

back of the mouth. The flavour was of the same kind as that
from the first sample; 1t was not like the usual reverted
flavour assoclated with linseed oll shortenings.

It appeared from these tests that the content of free

fatty acids was not the important factor ln causlng reverelon

flavours.

3« Linolenic Acild

To determine whether linolenic acid was the fatty acid

responsible for reversion, a sample of ethyl linolenate was
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prepared. The method of McCutcheon (76) was followed in de-
tall except that saponification was carried out with aleoholic
potassium hydroxide (82 p.30b). The pure product distilled
at 194°C. at a pressure of 5.5 mm., and had a pale straw
colour. It was added to a sample of reflned sunflower seed
0il so that linolenic acid would be present in about the same
proportion as it is in linseed oil: 40.5. ethyl linolenate
with 60 g. sunflower seed oil. This mixture was hydrogenated
to an iodine number of 75 and deodoriszed. Pastry made from
this shortening had the characteristic flavour of a linseed
01l shortening but the flavour was less strong than in many of
these samples, probably because of the different flavour of
the sunflower seed oil masking the reverted flavour. It
was felt that this experiment had demonstrated linolenic acid
to be responsible for flavour reversione.

To determine whether hydrogenatlion was necessary to cause
this flavour to develop from linolenic acid, a sample of
ethyl linolenate was blended with a sunflower seed oil short-
ening, agaln this was done so the mixture would have about 40
per cent linolenlc acld. The resulting shortening, used
directly, made a pastry which had a strong repulsive flavour;
it was different from the characgeristic reverted flavour, and
much more unpleasant. It was considered from this experiment
that although linolenic acid was fundamentally responsible for
flavour reversion, nevertheless, hydrogenation brought about a

change in it producing the substance which 1s directly
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responsible for the characteristic flavour.

4, Isomerization

The followlng experiments were carried out to determine
whether a relatively simple isomerization of the fat acilds
might effect an improvement in flavoure. The use of prolong-
ed heating at a higher temperature both with and without
common isomerization reagents was investigated. Three samples
of alkali-refined hot-pressed linseed 0il were hydrogenated
somewhat less than usual for these tests and were then deodor-
ized. The lodine numbers of the samples for the tests (a),
(b) and (e¢) were respectively 87, 82 and 102.

The tests were as follows:

(a) The sample of hydrogenated linseed oil was heated at 230°C.
for 12 hours 1n the hydrogenation apparatus and the oil was
continuously agltated throughout the period. The air in the
bottle was flushed out and replaced by hydrogen at a pressure
of about five pounds per square inch and no absorption of
hydrogen was observed. At the end of the period the hydro-
genated oll was again deodorized.

(b) This sample was heated at 230 to 240°C. for six hours
while sulphur dioxide was bubbled through it at a rate suffi-
clent to keep the sample agltated. This treatment was follow=-
ed by deodorization.

(¢) This sample was heated at 230 to 240°C. for six hours with

one per cent selenlum using a mechanical stirrer to agitate

the mixture. At the concluslon of the treatment the sample
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wae flltered and deodorized.

The deodorized shortenings thus obtained had satisfactory
odours and colours. The reactions had not caused as much
hardening as had been expeéted so that the sample from test
(¢) remained somewhat too soft. All samples of pastry had
the characteristic reverted flavour and no improvement seemed
indicated. Better samples had been produced in some of the

previous testse.

5. Effect of Oxidation

To study the effect of oxidation both befor; and after
hydrogenation the following experiments were carried out.
(a) A sample of alkalierefined linseed oll was submitted to
a mild oxidation by heating for twelve hours at 98 to 100°¢.
while alr was blown through at a rate sufficlent to aglitate
it. Many off odours were noticed during the course of this
treatment but none which resembled that characteristic of re-
version in a shorteninge. The o0ll was only slightly thickened
at the end of the period. The sample was then hydrogenated
to an iodine number of 7l, and deodorized. The deodorization
wae continued for five hours but the sample could not be
freed of a pecullar and unpleasant odour. It had also a
darker colour than the usual samples.
(b) A sample of alkali-refined linseed oil was hydrogenated
to an iodine number of 69.5. This was deodorized, and then

divided into two parts énd each oxlidlzed by blowing alir through

i1t under the following conditions:
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(1) at 150 - 160°C. for six hours

(2) at 180 - 190°C. for eight hours.
Citric acid (0.l per cent) was added (104) to remove traces
of metals (copper, iron and nickel). These samples were
deodorized for five hours glving products free of colour and
having only very slight odour.

The three samples were then tested in making pastry.
The sample from test (a) had a flavour which was as bad as
that in the product from the hydrogenated free fatty acids
(above) and in the presence of this strong and repulsive
flavour the usual reverted flavour was not noticed. The
samples from test (b) had the usual reverted flavour and it
seemed no less intense than had been observed in many other

samples.

AY

6. The Relation of Oxidation to Reversion

Some studies are described here which were designed to
investlgate the theory that reversion in linseed 01l shorten-
ings 1s an oxldation phenomenon. The development of the re-
verted flavour in pastries prepared from these shortenings
offered no opportunity to follow the course of the change.
However, the development of a reverted odour could be detected
in the shortenings themselves when they were heated at 100°¢.
for a period to bring on thls change. As this method offered
a means of following the development of peroxide oxidation

products at the same time, 1t was adopted in these studles.

To obtain a quantitative measure of the extent of revers-
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lon the techniques described under "Methods" were employed.

The test of the Judges' accuracy was made by preparing a series
of samples of a definitely reverted linseed o0il shortening,
blended with varying amounts of paraffin wax, to form a grad-
uated scale of intensities of reverted odour. These samples
were placed in the Syracuse dishes, a number of each beling pro-
vided so that in all 31 samples were offered to the panel for
Judgment. Each sample was scored for lntensity of odour on

a ten point scale by each of the Jjudges. At the conclusion

of the judging the difference (d) between each score given

and the true score was determined, this difference was squared
(@) and the sum of these (Zd2) for each judge was taken for
the calculations indicated below:

TABLE VI

Test of Judges on Panel

¥4°
Judge Number . ;ng Zd? _ n
n F =3
1 150 5.0 0.7T46
2 210 T 0 1.045
3 243 8.1 1.211
4 253 8.4 l.255
5 319 10.6 1058
6 106 3¢5 0.522
T 158 53 0.791
8 288 9.6 l.432
9 142 4.7 0.702
10 157 5e2 0.776
11 126 4,2 0.627
12 259 846 1.283

Total 2411




100
n = number of degrees of freedom = 31l=1 = 30
Standard deviation - total Za2 _ 6.0
n x 12
F value (P = 0005, nl = 30, n2 = 360) = 1047
Only in one case (Judge No. 5) was F greater than 1l.47
and since the value of P was taken at the 5 per cent level it
was considered that all of the Judges should be retained in

the panel.

ae. Changes at ten-hour intervals

The first -experiment studied the twenty-eight samples of
shortening prepared from the seven different oils and includ-
ed the three controls from the baking test (a). A measure-
ment of the peroxlide content and of the odour of each of these
samples was taken initially and after 10, 20, 30 and 40 hours
of heating at 100°C. The change 1n each factor (peroxlide and
odour) which had occurred from the beginning of the test was
calculated for each period of heating and expressed as a rate
of change per hour. These are indicated in Table VII. The
odour Jjudgments were expressed by the Judges on the ten-point
scale and the change here reported represents a decrease 1in
quality. The control samples are labelled
(1) Domestic Shortening.

(2) Domestic Shortening hardened.
(3) Mixture of very hard and very soft linseed oil shortenings.

The values obtained at forty hours are not shown since in
a number of cases the peroxide content had decreased from that

at thirty hours and thus could not be compared with the others.
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TABLE VII

Relatlion of Peroxide Content to Reverted Odour

Rate of €hange 1n
Sample No. Rate of change of odour  peroxide content
during heating period of during heating perliod of

10 hr. 20 hr. 30 hr. 10 hr. 20 hr. 30 hre

31 0¢24 0,13 .12 l.11 9,22 4h4,7
32 038 017 014 7026 16045 46.7
33 «09 o1l 11 0,01 0.09 4.6
34 .15 013 13 0.05 5483 19.7
35 26 .15 e13 0.53 T7.28 2T +5
36 «30 019 .16 11.37 25.23 2048
37 022 .19 13 13.22 21.36 34,6
41 27 14 012 4,40 12.67 28 o4
42 .08 .06 .09 12.52 24,31 17.8
43 25 17 .15 11.04 20.96 26.2
4k .01 07 07 0.02 0.06 4.7
45 .19 16 14 8.04 16,62 4.5
46 «20 016 012 0.20 7«89 16.1
47 25 017 012 20.08 22,04 31.5
71 27 14 13 1.25 3,08 14.7
T2 e20 o1l 012 2483 5.08 14.6
73 17 14 11 2493 S5e41 16.8
T4 25 «15 .08 4,25 8.15 13.8
75 <19 012 o1l 0.85 1.52 40,3
76 24 17 14 4,48 T.51 2349
77 24 .18 17 4,04 10,08 2349
81 26 W11 ol4 1.98 4,54 19.8
82 27 15 14 5.70 14.73 376
83 25 .19 .15 3.82 8.7T4 3063
84 «20 16 o 17 4,63 9.09 2349
85 o17 16 12 1440 2.61 13.6
86 .18 13 011 1,20 3,01 16.0
87 «20 o15 015 2.16 643 19.3
(1) o15 16 16 35492 27 .21 27.8
(2) 16 17 13 6.21 10.23 11.3

(3) .00 .00 04 2405 11.86 38.2
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This decrease 18 attributed to peroxides in the fat breaking
&own more rapldly than they are formed at this stage of the
oxldation.

To obtaln a quantitative estimate of the extent of the
relatlionship between development of odour and lncrease in
peroxide, the coefficlents of correlation between the rates
of change of these two factors for each of the first three
periods were calculated (omitting the three "control" samples).

The results were as follows:

Length of Correlation
heating perlod coefflclient
10 hours 0.22
20 hours 0.35
30 hours 0.35

Since these values were less than required for signiflcance,
these data did not indicate the development of peroxides to
be an important factor in the development of odour.

The results of thls experiment, however, could not be
consldered as conclusive since for two reasons the data ob-
tained may not have accurately shown the changes taking place.
First, the heating periods (ten hours) were such as to allow
relatively large changes to occur between the time of taking
one sample and the next. Second, it was necessary with this
number of samples to leave them out of the oven for two days

to complete the peroxide determinations and prepare the

apparatus and reagents for the next determinations. There



103

may have been changes occurring during this time (68 p«13T)
that would differ in extent between the samples and of which

no measure was made.

b. Changes at two-hour intervals

Iwo samples of hydrogenated linseed oil shortening were
prepared, one (No. 1) from the unrefined oil and the other
(No. 2) from the oil after alkali-refining,having iodine
numbers of T4 and 64 respectively. Sgmples of each were
placed in twenty Syracuse dishes. Two of the samples of
each shortening were placed in the oven at 100°C. at each
two hour interval throughout one day. At midnight all dishes
were taken out of the oven, samples for peroxlide determine
ation weighed into flasks and placed at a temperature of 5°C.
until the next morning when these determinatlons were com-
pleted. By this means data were obtained on duplicate
samples of each shortening which had been in the oven con-
tinuously for 2, 4, 6.....20 hours, and on the controls which
had not been in the oven. These data are shown graphically
in Figures 17 and 18. The scores for extent of reverted
odour are the percentages of the Jjudgments which indicated
each sample to be reverted. In the figures the lines are
drawn through the means for the duplicate samples.

In all/the following tests of reversion odour the samples
were kept continuously in the oven for the perlods indlicated,

and Judgments of odour were glven ln the manner used here.

These results indicate more clearly than those from the
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last experiment that a relation exists between the development
of the reversion odour and the formation of peroxide compounds
in the fat. Reversion would seem to occur shortly before

the peroxide content increases sharply.

ce Studies with Ethyl Linolenate

A portion of the shortening prepared above by hydrogenate
ing the mixture of sunflower seed o0il and ethyl linolenate was
studied as in the last experiment and a shortening‘ﬁrepared
from pure sunflower seed oil (iodine number 64) was studied at
the same time for comparison. These were designated (No. 1)
and (No. 2) respectively. Samples of each shortening were
heated for intervals up to twenty hours. It was found, how-
ever, that only (No. 2) had increased appreciably in peroxide
content; the mixed shortenlng showed no change in odour and
no development of peroxides, so these samples were all return-
ed to the oven for a further twenty hours. After this second -
heating a number of the samples had the odour characteristic
of a reverted llnseed o0ll shortening and also had high pere
oxide contents. The results are shown graphically in Figure
19. The odour Judgments were made on the samples of the
pure sunflower seed o0ll shortening heated for O to 20 hours
and on the mixed shortening samples which had been heated from

20 to 40 hours.

7. Practionation With Acetone

In thls experiment it was sought to investigate the poss-

ibility of removing from linseed oll shortening a fraction
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responsible for reversion. Fractionation of the shortening
was effected by crystallization from acetone following the
general description glven by Hilditch (53 p.412-13). The
acetone used was carefully dried and twice distilled as for the
peroxide determinations. Three shortenings were studied
which had been prepared from alkali-refined linseed oll and
had lodine numbers of 83, 65 and 54 respectively.

A 300 cc. portion of acetone was added to 60 ge. of each
shortening and the mixture was warmed to about 50°C. until
solution was complete, then the solution was placed outside
for 2 days at a temperature between =5 4nd =-10°C. The fat
that had crystallized from solution was separated on a
Buchner funnel with suction and the "cake' pressed to remove
acetone as completely as possible. This fraction was again
dissolved in 300 cc. warm acetone and allowed to stand at
room temperature until the next day. Again the insoluble
portion was filtered off. The two filtrate fractions were
evaporated on a water bath ylelding two fractions of increas-
ing solublility and the last traces of acetone were removed in
a vacuum deslccator. The amount and i1odlne number of each
fraction are indicated in Table VIII. The fractions are
designated:

I. (hardest) crystallized from solution at room temperature.
II. (middle) was soluble at room temperature but crystalliz-
ed from solution ln the cold.

III. (softest) was soluble even in the cold.
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Acetone~Crystallized Fractions

109

Per cent
Shortening Fraction of whole Iodine
number number sample number
I 14.0 58.
(1) 11 58.7T 86.
I1I 27 3 112.
I 39,8 46.
(2) 1I 45,6 81.
I11 14.8 95.
I 5540 39
(3) II 33.8 The
' III 11.3 87.

The lncreases 1n reversion odour and peroxlide content in

all fractions were determined after heating in the oven at

100°C. In the case of the softest fraction the heating

perlods were 5, 10 and 20 hours for the two harder fractions

the periods were 10, 20 and 30 hours.

Figures 20, 21 and 22.

The data are shown in
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8. The use of Antioxidants
V The existence of a close relationship between reversion

and oxidation in the linseed oil shortenimgs had not been
shown conclusively 1n the preceding experiments but some
relationship had been indicated. Tests with antlioxldants
seemed to offer another approach to this study. The ability
of antloxldants to retard the formatlion of peroxides in fats
is well known. The following experiments were planned to
see whether or not they might at the =ame tlime retard or pre=-
vent reversion in these shortenings. If they should prove
to have this ability, a means of making linseed oll shorten-
ing & satisfactory edible materlial might at the same time be
discovered.

Two materials served as the basic antlioxidants studied:
(1) "Formula C", which is 65 per cent wheat germ oil, 30 per

éent crude soybean leclthin and 5 per cent cltric acid.
(2) Derivatives of gallic acid: isopropyl gallate and glycerol

gallate.

The latter were prepared as described by Christiansen (26).
The crude preparation before final recrystallization was used.

These antloxidant materials have been used singly at
various levels, in comblnation with each other and with various
additional substances in smaller amounts. Tests of reversion
have been made both by observing the development of the re-
version odour in the shortenings after heatlng at 1oo°c., and

by baking tests with pastrye.
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ae Addition of Formula C in processing a shortening

Formula C was added at the level of 0.l per cent to four
samples of linseed oll at different stages in processing them
to produce a shortening. In addition, three samples had hydro-
quinone added at a level of 0.02 per cent, also at different
stages. The points in the process at which the additions
were made are indicated in Table IX. These samples were pre-
pared by Mr. WeH. Lemon and a control sample of linseed oil
shortening to which no antioxidant had been added was also
supplied.

(1) Baking test. These shortenings were used in making pastry
as part of the third test conducted on the shortening samples
prepared from the seven different oils (ef. p.77) and the
samples 1ln this experiment were randomized with the other
samples in that baking test. The results of this test are

shown in Table IX.
TABLE IX

Formula C Added in Processing

Antloxidant used _BScores —
Sample and stage at which Sectlon Totals
No. it was added A B
1 Control - no antioxidant 5.8 6.4 12.2
2 Formula C before bleaching 8.3 0.0 8.3
3 Pormula C before hydrogenating 9.2 4.5 13.7
4 Formula C before deodorizing 0.8 644 Te2
5 Formula C after deodorizing 9.2 9.1 18.3
6 Hydroquinone before bleaching 5.8 6.4 12.2
7 Hydroquinone before hydrogenating 8.3 8.2 16.5
8. Hydroquinone after deodorizing 8e3 644 14,7
(1) Domestic Shortening 560 7.3 12.3
(2) Domestic Shortening 10,0 7.3 1743
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(2) Reversion odour and peroxides. The control sample of
iiﬁseed 0ll shortening and those Raving Formula C were studied
further for relationship between peroxide formation and develop-
ment of the reverted odour. The results are shown in Flgures
23 and 24. Both the baking test and the test of odour
development show thgt the addition of Formula C after deodore
1zing brought a marked stablility to reversion (as well as to

peroxide formation in the last test).

b. Formula C at different levels

A sample of alkali-refined linseed oil shortening of
iodine number 68 was prepared. It was divided into six por-
tlons, one of which served as a control whlle Formula C and

other antioxlidantse were added as indicated in Table X.

TABLE X

Formula C at Different Levels

Percentage of each
antloxidant added
Sample Number 1 o 3 4 5 6

Antloxidant added:

Formula C 0.01 0.01 0.1 0.1

Isopropyl gallate 0.0025 0.025
Licithin 0.00200
Gallic acld 0.00050
Citric acid 0.00025
Glycerol gallate 0.00725
Vitamin E 0.00050

Total antioxidant(%) 0.0 0.01 0.0125 0.1 0.125 0.01050
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The results of the test on development of peroxides and
reversion odour are shown graphically in Figures 25 and 26.
A marked effect of Formula C in retarding reversion as well as
peroxide formation is again shown. At the 0.01 per cent
level formula C is much less effective than at the 0.1l per

cent level.

ce Glycerol gallate (with addenda)

An alkallerefined linseed oil Shortening'of iodine number
65 was prepared and divided into five portions. One of these
was kept as a control and to the other feur, antlexidant

mixtures were added as skhown in Table XI.
TABLE XI

Glycerol Gallate (With Addenda)

Percentage af each
Sample number substance added

1 2 3 4 5

Antioxidants added:

Glycerol gallate «110 «530 «110 «550
Gallic acid 006 «030 +003 015
Citric acid «003 015 «003 015
Total 0.0 «122 0590 «122 0610

The results of the test on the development of peroxides

and reversion odour are shown graphlcally in Figures 27 and 28.
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This test was planned to study samples heated up to forty
hours at 10000., 80 these samples were given continuous heating.
But ae 1t was then seen necessary to continue the heating
period since all samples with antioxidants were still relative~
ly unchanged, the samples which had been heated for 10, 20, 30
and 40 hours were returned to the oven for a further forty
hours of continuous heating, to become samples which had been
heated from fifty to eighty hours.

The results here show antioxidants exerting an even
greater stabllizing effect both toward peroxide formation and
toward development of odour than had previously been observed.
Although the control sample had changed greatly in ten hours,
samples 2 and 4 had not changed much in forty hours and the
gsamples 3 and 5 were still almost unchanged at elghty hours.

It seems indicated that these antioxidants may be some-
what more effective than Formula C as shown in previous tests,
however the best results were with much higher levels of antil-
oxidant than were studied wlth Formula C.

Following the observed effect of antloxidants to retard
the development of the reversion odour, two experiments were

gset up to study their effect during bakling.

d. Formula C with isopropyl gallate

An antioxidant was prepared which was seventy-flve per
cent Formula C and twenty-five per cent lsopropyl gallate.
It was added to four different shortenings prepared as dese-

cribed in Table XIT at the level of O.1l per cent. The four
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shortenings thus treated and a control for each were tested
for reversion in pastry and the samples were judged by a panel
of 23 judges (Section A of the third year Household Science
Class and a group of the post=-graduate students in Agricultural
Chemistry). Two girls prepared all the samples of pastry
taking great care to have as near absolute uniformity as
posslble and three samples of pastry were prepared for judging
from each sample of shortening so that 3 x 23, or 69 judgments
were obtalned on the quality of each of the shortenings. The
results were expressed as the percentage of the judgments on
each sample of pastry which considered it satisfactory and
these percentages were averaged for each three pastries‘to
glve a score for each shortening. The results are also shown
in Table XII.

These were generally good samples of linseed oil shorten=-
ing and the pastries from them were not generally considered
unsatisfactory. The contributlon of the antioxldant seemed
negligible. Although in two of the three linseed o0ll short-
enlngs tested the sample with the antioxidant received the
higher score, the difference was very slight. It seems
difficult to account for the great difference in scoring of the
pastries from the two samples of Domestic Shortening. The
author did not consider that these scores reflected a real
difference.

After the judging was completed five of the judges and

the author checked carefully the linseed o0ll samples to see

if any of them could be consldered %0 be free of the reverted
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Formula C with Isopropyl Gallate

125

Shortening

Number

Composition of Shortenings

%A % B % C

% D

% E

Score
on ea.
pastry
sample

Score for
each
Shortening
(average)

100

100

100

100

50 50

80

80

20

20

O.l

0.1

0.1

Oel

45
100

7945
95
100

18
69
75

11.5
945

34

54.2
94.8

48 o4

59
84.6

34
TO
TO

39
64.5

795

64

91.5

54

45

61

64

61

weaowk

Domestic Shortening

Linseed oil shortening of lodine number 82
Linseed oil shortening of iodine number 65
¢ Alkali-refined sunflower seed oil

Antioxidant
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flavour. It was agreed by all of us that this flavour was

present in every ohe.

e« I1sopropyl gallate with citric acid

An antioxidant was prepared from isopropyl gallate and
citric acid in equal amounts. This was added to two portions
of a linseed oll shortening (iodine nugpber 68) at the levels
0.5 and 1.0 per cent. Pastries were prepared from a control
portion of the same shortening and from each of these shorten-
ings with antloxidants.

The pastry prepared from the shortening with 0.5 per
cent antloxidant seemed to have slightly less reverted flavour
than the control. It was however not free of this flavoure.
In the other sample of pastry a reverted taste could not be
detected but there was a sharp taste of a different nature
which was considered due to the antioxidant itself. This

was so strong that it would have masked the reverted flavour.



V. DISCUSSION OF RESULTS

A. THE HYDROGENATION REACTION

1. The Catalyst

Reduction of the catalyst at temperatures of 400 to 450°C.
as recommended by Hilditch (53) was found to give a less
active product than if reduction was carried out at a temper-
ature of about 500°C. This is in agreement with the work of
Bennett (17) where the activity of the catalyst was found to
increase with increased reduction temperatures up to 535°C.

Storing the catalyst in an atmosphere of carbon dioxilde
or of nitrogen did not preserve its activity since some
catalyste stored in this manner had to be discarded within a
week after their preparation. Catalysts stored in a fat

geemed to have lost none of their activity after one month.

2. The Reaction Rate

Examination of the curves which show concentration of
reacting substance (expressed as lodine number) plotted
against time, and those which show the logarithim of the con-
centration plotted against time, suggests that the whole
course of the reaction cannot be sald elther to be definltely
zero order nor entirely first ordere. This findlng can apply
only to the apparatus used in these experiments and for the
conditions of agitation which were employed. These may be
important factors as suggested by Bennett (17). However,

this seems the result that might be expected when dealing
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with such a complex material (75, 86). If pure linoleic
acld were hydrogenated the rate would be the resultant of
two reactlions -~ linoleic to olelc, and oleic to stearic.
Even though both reactions were monomolecular the resultant
might not be. In these studlies the relatively large amount
of linolenic acid added to the complexitye.

The effect of catalyst concentration on the rate of the
reaction is shown clearly in Figure 8. Increasing the con=~
centration from O.3 to O.5 per cent nickel more than doubled
the amount of hydrogen absorbed by an alkali-refined linseed
0il in thirty minutes. For an unrefined linseed o0ll, in=-
creasing the catalyst concentration from O.4 to 1.0 per cent
brought a four-fold increase in the amount of hydrogen ab-
gsorbed 1in this time. These curves also show that there was
a maximum effective concentration of catalyst for each oil
under fixed conditions of hydrogenatione.

The effect of impurities in the unrefined oil was to
greatiy retard hydrogenation as 1s also indlcated in Figure 8.
An unrefined linseed o0il required about double the concentra-
tion of catalyst to bring hydrogenation to the same rate as in
the refined oll. For the same amount of catalyst in each,
the refined oill absorbed hydrogen two to three times as rapid-
ly as the crude oil. It 1s interesting that both crude and
refined olls seemed to have the same maximum hydrogenation
rate when a sufficient amount of catalyst was present for

each. This maximum rate would possibly be altered 1if other

condlitions, e.ge., rate of agitation or mixing were altered.
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The effect of temperature on the rate of the hydrogena-
tion 1s shown in Figure 11l. Increases within the range 80
to 15000. produced marked increases in rate. Over the limits
of this range the volume of hydrogen absorbed in 30 min. was
increased about twenty~four times. Increases of temperature
in the range 150 to 180°C. and probably for a short distance
beyond were lndicated to be much less effective in increasing
the rate of hydrogenation.

The hydrogenation of fatty acids alone was shown to be
quite a different problem from the hydrogenation of the gly-
cerides (Figure 16). The results indicated that the free
carboxyl groups had a marked effect in decreasing the activity
of the catalyst and thus retarding the reaction. The rate
during the flrst ten minutes was comparable to that observed
in hydrogenating an alkali refined oll but beyond this time
it fell off markedly. This seems due entirely to free care
boxyl groups becoming fiXed to the active nickel particles
which hence-forth had no activitye. Supplying fresh nickel
catalyst started the reaction off again with the full initial
rate, but again the carboxyl groups gradually reduced the

number of actlive nickel particles so that the reaction almost

satopped.

3. Conjugated Hydrogation

It was interesting to observe the ease with which this
newer type of hydrogenation colild be carried out. Opportun=-

ities would not readily permlit the comparison of the conjugated
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hydrogenation of linseed o0il at higher pressures with thisa
method at atmospheric pressure, however, the work reported at
higher pressures for other olls, e.g., sunflower seed oill,
cottonseed oil, and by Rush (103) for linseed oil, has all
shown the reaction to terminate at a minimum iodine number.
Rush réports that this minimum point of reduction comes when
practically all of the fatty acids have been converted to
oleic, except 1n the case of linseed o0il (where there was more
unsaturation left).

The experiments carried out in this study also indicatéd
that the reaction terminated at a minimum iodine number. It
seems probable that the reaction at atmospheric pressure
follows the same course as at higher pressures with the prine-

cipal difference being in the time that is required.

4, Hardening by Isomerization

In the experiment conducted to bring about isomerization
or elaldinization of the partially hydrogenated linseed oils,
only small changes Were observed. It is possible that a
large proportion of iso-acids were already present and it is
probable that the lsomerization reactions reach an equilibrium

80 that a complete converslon does not occur.

5. Recovery of Catalyst

The experiments carried out indicated that to recover
properly the catalyst ¥ was not sufficlent simply to pemove the

fat and fat-soluble substances which adhered to the catalyst,

nor yet was 1t sufficlent to submit the spent catalyst to
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oxidation at temperatures of 600 and T00°C. followed by re-
duction in hydrogen. It is suggested that for activity com-
parable with that of a fresh eatalyst it would be necessary
to dissolve the nickel in acid, purify the solution and pre-

cilpitate 1t again as in the original preparation.

B. FLAVOUR REVERSION STUDIES

1. Judgment of Quality

A quantitative estimate of quality seems baslcally to
depend on organoleptic judgments by a panel of judges. We
can agree with Trout, et. al. (110), from our own personal
experisnce that a conslderable mental effert is requlired of a
Judge. In the case of milk powders this was required by the
transitory nature of the sensation. In these Judgments it
is the persistent nature of previous sensations which makes
difficult the detection of the similar sensgtion 1ln future
samples, and which suggests its presence from samples actually
not themselves creating it. In an attempt to stimulate the
Judges to do their best they were shown the Judgments of the
whole panel after each series had been Judged and were encour-
aged to check any judgments whilch dlsagreed with the general
opinion. This seemed the best incentive that could be given.

Two means Seem avai}able to increase the precision of
the measurements of qualityx first,a more or less lengthy
period of training for the panel of Jjudges; second, the re=
quirement of a demonstration of high Jjudging abllity from

each member of the panel. In these studles time did not
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permlt an extensive training period, and the number of persons
avallable as Judgés would scarcely allow for any elimination.

In flavour judgments a considerable difference in qual~
ity was evident between duplicates. Even with most careful
control in the manual operations of mixing, rolling, etc.,
these differences could not be avoided. If these operations
could be completed mechanically, greater uniformity might be
obtained. This might be possible if all shortenlings were of
the same hardness.

2. Modificatione in Processing

Higher concentrations of catalyst seemed to produce a
product of somewhat better quality. This was most noticeable
with the unrefined linseed o0il and may not have been due to
the nickel itself as much as to the adsorbent powers of the
carrier effecting a certaln amount of refininge. In the refin-
ed oll where the effect of the nickel concentration alone
would show most clearly very little change was observed.

From the studies on hydrogenation at different temper-
atures it would seem that this factor has very little effect
on the quality of the producte Temperatures of 150 to 180°¢.
would seem preferable only because they cause the reactlion
to proceed more rapidly.

Refining the oil did seem za means of improving the quale~
ity of the shortening in a number of the experiments. In
addition to those experiments designed to study this effect,
may be added the evidence obtained in the experiment with

various proportions of catalyst used in hydrogenation. In
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those experiments that did not show any advantage for increas-
ed refining, the varliability of judgments included in "error"
was 80 greatl that no conclusions were possible from the data.
In no case was contradlctory evidence obtained.

The effect of the degree of hardening within the range

of iodine numbers 60 =« 90, seems not great. When the re-
fining technique was the same for all samples compared a
8light superlority was found for those products with an
iodine number below TO. However 1in the later tests where
the samples with the higher iodine numbers had also received
additional refining any disadvantage they may have had was
elther compensated for or overshadowed by the advantage of
the refining.

In the experiments on blending sunflower seed oil with
the harder samples of linseed o1l shortening only mixtures
containing 65 to 80 per cent of the latter were studied.

It was not found with any of the shortenings used that the
characteristic flavour could be masked when 1its proportion was
so high. The use of larger proportions of partially hardened
sunflower seed oil with small amounts of linseed oll shortene-
ings might give a product in which it would be very difficult
or impossible to detect the reverted flavour, but this 4did not
seem a satisfactory solution to the problem.

Different samples of hot-pressed linseed oll do not differ
appreciably; neither do samples of colde=pressed oil differ from

one to another; nor do hot-pressed o0lls in general show any

differences from cold=-pressed olls in respeet to the quality of
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shortening produced from them.

3« Caused& of Reversion

It has been shown, first, that a component of the sapon=-
ifiable fraction of linseed oil is responsible for flavour re=-
verslon, and further, that this is probably linolenic acid.

To glve the reverted flavour it is not necessary for this com=-
ponent to exist as a free fatty acid, but it does seem necess-
ary that 1t be subjected to the conditlons of hydrogenatilon.
Thus the origin of the odour indirectly would seem to be lino=-
lenic acid, but more directly to be some product of it formed
during hydrogenation. Regarding the néture of thils product
it can only be sald that 1t does not seem torbé offensive in
itself, but on heating it produces the substances which are
directly responsible for the reverted flavour and odour.

These latter substances may be removed by deodorlzation where=-
as the bésic cause may not; it remains and is able, on sube
sequegt heating to form again these more volatile offenders.
In the work here completed the identification of this substance
hae not been attempted. There are many possibilities some

of which may be eliminated. The ordinary olelc, lineleit wnd
linolenic acids are ruled out; likewlse the usually occuring
iso~acids cannot be responsible.

If linolenic acid were first hydrogenated at the o5-16
double bond the Prdinary linoleic acid would be obtained and

no reversion should occur thereafter. Therefore all of the

linolenic acid cannot undergo this change before some other
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takes place. The other change may be eilther reduction at
one of the other double bonds or an isomerization reaction.
Either of these changes may be followed by ihe other. The
lsomerization may be such as to cause migration of double
bonds and it may also involve cis~-trans changes. The possibe
1lities thus created are many and the available methods of
study may not be adequate to give a definite answer.

Regarding the reversion problem it would seem indicated
that reflning cannot offer a complete solution. Some possible
answers may however be suggested. The complete removal of
linolenic acid (if this could be accomplished) should bring
complete freedom from reversion, but such a plan 1is quite
impractical. There is a possibility of hydrogenating cone
ditions being made so highly selective that all linolenic acid
would be changed to ordinary linoleic acid before any other
change occurred. Also some changeg, e.g., o0xidatlion,might
be made to occur in the original linolenic acid so that on
hydrogenation the reaction would take a more favorable course.
Then there are certain possibilitlies of changling the product
formed in the hydrogenation. A subsequent lsomerization
might restore the structure to one which 1s heat-stable and
inoffensive. Prolonged heating (and possibly oxidation)
followed by deodorization might convert the baslc substance
into volatile producte which could be removed. Finally cere
tain substances might act as inhlbltors to the decomposition
on heating.

The experiments described above have investigated these
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suggested solutlions. Oxidation of the oil prior to hydrogene
atlon was found to bring about changes in the flavour of the
product but they could not be considered favourable. The
radically different technique of conjugated hydrogenation was
found not sufficiently selective. Also the highest temper-
atures and catalyst concentrations which were ueged and with
the relatively low pressures used in all the hydrogenations
with the regular technique, falled to produce conditions of
sufficient selectivity. It seems likely that conditions of
guch high selectivity as would be required might be very
difficult to find.

Isomerlzation reactions to restore the reverting sub-
stance into a heat-stable form were not brought about by heat
alone or by heat with sulphur dioxide or selenium. The com=
plete conversion of the reverting substance into volatile
products did not occur under the conditions employed in the
experiments described. The experiments relating reversion
to oxidation and the use of antioxlidants to retard this
change seemed promisinge. The development of a reversion
odour and the rapid formatlion of peroxides occurred in close
successione. Certain antioxidante were able to retard great-
ly the development of this odour. However using antloxi=-
dants even at very high levels did not prevent the develop-

ment of a reverted flavour during baking tests.



VI SUMMARY

The hydrogenation of crude and refined linseed oil has
been studied in a shaker-agitated bottle employing different
concentrations of nickel catalyst and different temperatures.

The catalyst was prépared by the dry reduction of nickel
carbonate on silica gel. For maximum activity it was reduc-
ed at 500°C. and stored in a fat. The activity of a spent
catalyst was not compleiely restored by washing with a fat
solvent, oxldizing in a furnace and reducing again in hydrogen.
The solution in acid, purification and reprecipitation as
nickel carbonate seemed necessary.

Because of the complexity of the system and possibly
inadequate mixing, the reaction d4did not proceed exactly as
elther a zero order or a first order reaction.

Increases of catalyst concentration up to a definilte
level effected large increases in reaction rate. This was
observed with both crude and refined linseed o0il, but the
actual concentration of catalyst_required by the crude oil
for any given rate was approximately double that required by
the alkali refined oil. With sufficient catalyst the maxie
mum reaction rate was the same for both crude and refined oil.

An increase in temperature within the range 80 to 150°¢.
also brought a large increase in reaction rate. Below 80°C.
and above 150°C. the rate of the reaction changed very little
with variation of temperature.

The free fat acids of llnseed o1l hydrogenated alone were
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found to deactivate the catalyst. Conjugated hydrogenation
of linseed oil with alcohol was accomplished at approximately
atmospheric pressure but the reaction stopped when the product
had an iodine number of 100.

The phenomenon of reversion in linseed oil shortenings
has been studied. It was found that this flavour and odour
are characteristic of the hydrogenated producte. Although lin-
seed 0ll on heatling produces a variety of "off" odours, none
of them resemble thislreverted odour. Linolenic acid has
been indicated as the component of the oll which is responsible
for this phenomenon. The effect 1s produced without regard
to the conteht of free fatty acids, but it does seem that hydro-
genation 1s an essential factor. Thus i1t has been postulated
that the basic cause of reversion ls some product of linolenic
acid which is formed during hydrogenation. This substance
probably has a large molecule but on heating 1t decomposes
more or less rapidly to form the volatile products which are
directly responsible for the reverted flavour and odour.

Possible means of preparing a linseed oil shortening which
would be free from reversion have been lnvestlgated. First,
attempts have been made to find conditions of hydrogenation, or
treatments of the oil which would prevent the formation of that
product which 1s responsible. Secondly, attempts have been
made to change this product after its formation into a heat -
stable form, to decomposehit completely and 8o remove it from

the fat, or finally to prevent its normal decomposition on

heating by the use of substances which inhibit this change.



VII AUTHOR'S CLAIM OF ORIGINAL WORK

AND CONTRIBUTION TO KNOWLEDGE

In the published literature no study of flavour reversion
in linseed 01l shortening was found.

A number of workers have reported on the hydrogenatlon
of linseed o0il where the interest lay in studying the course
of the reaction. Nevertheless, it was necessary for the
author to work out for himself the means of control and rege
ulation, and to study the effect of the various factors on
the reaction as carried out in this study. Conjugated hydro-
genation at atmospheric pressure has not to the author's
knowledge been previously attempted.

The characteristic nature of flavour reversion in lin-
seed oil shortening has not before been pointed out nor has
it been distinguished from the development of a variety of
fofff odours produced on heating the oil itself. The proof
of reversion being assoclated with linolenic acld and the
survey of the possibilities for producing a non-reverting
linseed oil shortening are, to the author's knowledge,
entirely original. Studies of reversion in different
fractions of the shortening, of 1ts relation tp.oxidation
and the effect of antioxidants in retarding it are belleved

to be original contributions.
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